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The plasmids pDN211 and pDNll, isolated from the gene bank of the Rhiwbium 
japonicum strain I-llO, have been reported to complement two different Nif+ Hup· 
(nitrogen fixation positive and hydrogen uptake negative) mutants. A 5.9-kb Hindiii 
DNA fragment of the cosmid pHU52, isolated from the gene bank of R. japonicum strain 
122DES, has been reported to code for the two polypeptide subunits of uptake 
hydrogenase. To determine homology between the structural genes of uptake hydrogenase 
of the two strains, a Southern blot of the Hindiii restriction fragments of the plasmids 
pDN211 and pDNll was hybridized to the 5.9-kb Hindiii fragment. A 6.0-kb Hindiii 
DNA fragment of pDNll was observed to be homologous to the hup DNA probe. Thus, 
the hup genes of the two Rhizobium strains are conserved. 
Colony hybridization with the 5.9-kb DNA as the probe was used to detect the 
homologous hup genes in alfalfa-, chickpea- and pigeonpea- Rhiwbium species. These 
Rhizobium species were also successfully derepressed for uptake hydrogenase in free 
xii 
living conditions. It was found that 30% of the alfalfa-, 30% of the chickpea- and 21% 
of the pigeonpea- Rhizobium strains tested were Hup+ as determined by the methylene 
blue (MB) reduction assay. All but one strain of alfalfa- (Celpril Ind. 3623) and one 
strain of pigeonpea- Rhizobium (IC3282) that showed strong homology to the hup DNA 
probe also exhibited MB reduction activity. 
The Hup+ strains of alfalfa- and pigeonpea- Rhizobium produced significantly 
higher yields as compared to the Hup· strains, whereas those of the chickpea-Rhizobium 
strains produced significantly lower yields as compared to the Hup· strains. Two of the 
alfalfa-Rhizobium strains, USDA1024 and CmRm~, exhibited Hup activities greater than 
any reported previously for this bacterial species. The cosmid-borne hup genes of R. 
japonicum were successfully expressed in all strains tested but the enzyme activities were 
very low in alfalfa-Rhizobium compared to those in chickpea- and pigeonpea-Rhizobium 
species. The relative efficiency of N2-fixation was significantly increased by the transfer 
of hup genes into the chickpea- and pigeonpea- Rhizobium strains. (123 pages) 
CHAPTER I 
INTRODUCTION 
Nitrogen (N) is extremely important in agriculture because it is a constituent of 
proteins, nucleic acids and other essential molecules that occur in all organisms (Beringer 
and Hirsch 1984). Yet, N is, next to water, the most frequently limiting factor for plant 
productivity. In most agricultural systems, theN demands of plants are greater than those 
supplied by the soil N pool (Roughley 1984). As the world population grows, it is also 
necessary to have new developments taking place in crop productivity. The world 
requirement of N, the most common nutrient limiting the production of agricultural 
crops, is about 2.4 X 108 tonnes per annum (Mareckova 1983; Downie and Johnston 
1988). Although industrial production of ammonium fertilizer accounts for only 40% of 
this requirement, it requires large inputs of fossil energy (natural gas) as hydrogen (H2) 
to produce the high temperatures (300 to 600 C) and pressures (20,000 to 80,000 kPa) 
required to break the triple bonding of pairs of N atoms and to make them more reactive 
(Roughley 1984). Therefore, biological nitrogen fixation is especially critical in 
developing countries that lack abundant supplies of natural gas or industrial facilities for 
chemical synthesis of N-fertilizer. 
The N required for plant growth is generally supplied either as combined N-
fertilizer (usually ammonia), as in the case of cereal and vegetable crop plants, or by 
biological fixation of atmospheric N2 into ammonia, in the case of legumes (Duggan and 
Shanmugam 1984). The use of chemically fixed N has grown precipitously whereas the 
contribution of biologically ftxed N to agriculture has not changed. It is projected that 
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if we continue to rely entirely on increased use of chemical fertilizers to achieve the 
needed food production levels , world demand for fertilizer N could quadruple by the year 
2,000. About 200 million metric tonnes would need to be produced at an annual cost of 
$40-50 billion (Wittwer 1977). Also, considering the rapid post application losses of N 
associated with fertilizer use compared to thOse of biologically fixed N, which is either 
simultaneously assimilated by the plant or slowly released into the soil , biological N2-
fixation is of prime importance. For instance, in 1983-84, 25% of the total N-ferti1izer 
applied was lost by leaching into subsoil or by escape into the air via nitrification and 
denitrification (Valiulis 1986). 
Biological N2-fixation is second only to photosynthesis as the most important 
biochemical process of plants. Food legumes provide a substantial contribution (about 
20%) to the protein intake of people (Wittwer 1977). This process is of major agronomic 
importance since it allows legumes to be grown without the need of nitrogenous 
fertilizers and is responsible for fixation of approximately 108 tonnes of N per annum 
(Downie and Johnston 1988). N2-fixation by biological systems also requires large inputs 
of energy. The N2-fixing microsymbiont depends on the host plant for its energy and 
reductant for Nrfixation. The plant channels about 30% of the total carbon fixed by 
photosynthesis to the nodule where these carbon compounds are oxidized. 
Despite these high energy costs, biological N2-fixation is less energetically costly 
than the industrial synthesis process and has definite advantages over the latter because 
biological N2-fixation, catalysed by the enzyme nitrogenase, utilizes solar energy 
(photosynthate) rather than fossil fuels (Duggan and Shanmugam 1984) and requires only 
ambient temperatures. 
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Because of these advantages, promotion of biological N2-fixation has resulted in the 
development of commercial bacterial inoculants. Addition of bacterial inoculants to seeds 
prior to planting has become a widely followed practice. The enhancement of biological 
N2-fixation in legume-Rhizobium symbiosis involves selection strategies at both plant and 
microsymbiont level to identify and define traits suitable for improving symbiosis. The 
inoculant production technology focuses on overcoming constraints such as competition 
of the introduced microorganism with indigenous Rhizobium populations and 
compatibility with specific host cultivars. The strategies to overcome these constraints 
involve isolating the dominant and more competitive indigenous strains specific to a 
particular geographic region and crop variety. These strains are genetically manipulated 
for enhanced N2-fixation without altering their competitiveness and released back into the 
same geographic region via seed coating and soil application (Paul and Clark 1989). 
These strategies require large scale screening of Rhizobium strains from diverse 
regions of the world for superior characteristics. Until recently, there was no well-
defined method to improve a strain, but rather all desirable characteristics must already 
have been combined naturally. The now well-established techniques for gene transfer 
allow the possibility of genetic improvement of strains. Gene transfer will allow 
conservation of a well-characterized and -tested strain while modifying it to enhance the 
strain's usefulness (Roughley 1984). Research is underway to select Rhizobium strains 
for their increased ability to compete with indigenous rhizobia for nodule sites, increased 
capacity to fix N2 (El-Hassan and Focht 1986) and for improved partitioning of 
biologically fixed N, giving higher N contents to more valuable parts of crop plants 
(Hernandez et al. 1987). 
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The high energy cost of biological Nr fixation has been attributed to the fact that 
nitrogenases of all N2-fixing microorganisms catalyse an energy (A TP) dependent 
reduction of not only atmospheric N2 to ammonia but also of protons to H2 (Cantrell et 
al. 1983; Duggan and Shanmugam 1984). The inescapable evolution of H2 gas results in 
a 20-30% loss of energy during Nr fixation (Evans et al. 1980; Duggan and Shanmugarn 
1984) that otherwise could have been more profitably used in N2 reduction. Considerable 
attention has been paid to the possibility of abolishing the production of H2, but H2 and 
NH3 production can not be separated. In fact, kinetic evidence suggests that even a very 
high concentration of N2 will not completely block the production of H2 (Hwang et al . 
1973; Simpson and Burris 1984). 
Some N2-fixing microorganisms are, however, capable of recycling the H2 formed 
as a part of Nrfixation through the hydrogen uptake (Hup) system. It has been found that 
it is a rare characteristic especially in fast growing strains such as R. meliloti, R. trifolii 
R. leguminosarum and R. phaseoli but it is more commonly found in the slow growing 
strains of R. japonicum (Brewin 1984). The scarcity of H2 recycling undoubtedly 
accounts for an estimated one million or more metric tonnes of H2 production globally 
every year by nodulated legumes. This represents a large proportion of the estimated 2.4 
to 4. 7 million metric tonnes of H2 produced annually by biological N2-fixation (Conrad 
and Seiler 1980). 
Many scientists believe that better crop yields can be obtained by using legumes 
inoculated with Hup• rhizobia (Zablotowicz et al . 1980; de Jong et al. 1982). Others, 
however, have been unable to link the possession of Hup activity with increased fixation 
of N2 (Gibson et al. 1981). Eisbrenner and Evans (1983) have reported significant 
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increases in N content of plant materials by using Hup+ strains in 9 out of 13 trials. 
However, Hup characteristics have also been reported to show no significant effect on 
growth or N2-fixation in Pisum sativum (L.) and Vicia bengalensis (L.) when inoculated 
either with a Hup+ parent strain of R. leguminosarum or a Hup· mutant of this strain 
produced by Tn5-mob insertion (Cunningham et al . 1985). 
The beneficial effects of uptake hydrogenase are evident from the experiments in 
which soybean plants inoculated with Hup+ strains of R. japonicum have shown increased 
plant dry matter and increased amounts of N in the seeds as compared to the plants 
inoculated with Hup· strains (Hanus et al. 1981; Zablotowicz et al. 1980; de Jong et al . 
1982). Similarly, Drevon et al. (1982) and Rainbird et al. (1983) have demonstrated that 
oxidized H2 may serve as an energy source for nodules and, thus, lead to reduced 
demands for potentially limiting respiratory substances from the plant, as manifested by 
the fact that less C02 is evolved per unit of nitrogenase activity from nodules containing 
Hup+ than from those containing Hup· strains of rhizobia. 
Despite these controversies, a number of other potential benefits have been 
associated with uptake hydrogenase in addition to saving energy (Eisbrenner and Evans 
1983). Firstly, oxygen consumption resulting from H2 oxidation may protect the highly 
Orsensitive nitrogenase system (Nelson and Salminen 1982). Secondly, oxidation of H2 
may prevent this gas from accumulating in the cells to levels that may be inhibitory to 
nitrogenase (Rasche and Arp 1989). Thirdly, H2 oxidation may provide reducing power 
to the cell. 
Considering these potential benefits associated with the Hup trait, one way of 
enhancing biological N2-fixation would be to introduce hydrogen uptake (hup) genes into 
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Rhizobium strains that lack them. The Hup system has been widely considered as a 
suitable candidate for genetic engineering. This requires a prior understanding of the 
genetic organization of the Hup system. In a survey of recent literature, no report has 
addressed the genetic aspects of the Hup system of R. meliloti that fixes N2 in symbiosis 
with alfalfa and Rhizobium species that nodulate the widely grown food legumes, the 
pigeonpeas and the chickpeas. The overall objective of this study was, therefore, to 
screen these diverse Rhizobium species for the presence or absence of hup genes by using 
colony hybridization to the R. japonicum hup genes and by derepressing the free living 
Rhizobium cells for the Hup system and subsequently detecting the Hup activity by a 
methylene blue reduction assay. The presence or absence of hup genes was then 
correlated with the N2-f1Xation efficiency of the symbionts. N2-f1Xation (acetylene 
reduction activity), H2 evolution and uptake hydrogenase activities of various strains were 
studied using nodules produced on three cultivars of each plant species. Also , hup DNA 
was transferred to selected Hup· strains and its expression monitored in the host cells. 
Finally, C2H2 reduction , H2 evolution and uptake hydrogenase activity were studied in 
Hup· parent strains and Hup + transconjugant rhizobia to study the N2-fixation efficiency 
as affected by uptake hydrogenase in these Rhizobium strains in symbiosis with the three 
different cultivars of each plant species. 
CHAPTER II 
LITERATURE REVIEW 
Nitrogenase, Nitrogen Reduction and Hydrogen Evolution 
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The energy crisis of the 1970s stimulated renewed research on the use of 
biological nitrogen fixation as an inexpensive source of N in agriculture. New research 
projects were launched to improve N assimilation in forage legumes and to transform the 
scientific information about legume N2-fixation into technology that would support 
profitable and sustainable agriculture (Heichel et a!. 1989). Legumes symbiotically 
remove or fix inert gaseous N2 from the earth's atmosphere and convert it into chemical 
forms. In agricultural systems, these chemical forms of N are nutritionally useful to the 
N2-fixing crop in monoculture, to companion crops and to the succeeding crops in 
rotation (Sanginga et a! . 1988; Harris and Hesterman 1990). Broadbent et a! . (1982) 
found that ryegrass in field trials obtained up to 80% of its nitrogen from the associated 
white clover. 
N2-fixing organisms can be divided into two groups: (1) the free living species 
that fix N2 for their own purpose, e.g. , Klebsiella pneumoniae and Azotobactor 
vinelandii, and (2) the species that depend on an intimate association with plants, e.g. , 
the cynobacterium Anabena azollae with the water fern Azolla or an intracellular 
symbiosis, e.g., the bacterial genera Rhizobium, Bradyrhizobium and Azorhizobium with 
various specific legume host plants and the actinomycete Frankia with alders. N2-fixation 
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by Rhizobium species in symbiosis with legumes is of great importance to agriculture. 
The interaction of bacteria and plants is a complex multistep process that involves gene 
products from both symbiotic partners and culminates in the formation of newly 
developed anatomical structures (root nodules) on the main or lateral roots of plants. 
Nodules can also be formed on stems in some cases, such as in Azorhizobium rostrata 
and Pentaclethra macroloba (Walter and Bien 1989). In nodules, some cells contain 
bacteroids, the highly differentiated form of bacteria that are capable of fixing N2 by 
means of 0 2-sensitive nitrogenase. The plant-bacterium interaction is marked by 
symbiosis-specific expression of both plant and bacterial genes (Roelvink and Van Den 
Bos 1989). 
The spatial arrangement and efficiency of plant organs concerned with the process 
of photosynthesis and N2-fixation, i.e., is leaves and nodules, respectively, are heavily 
influenced by the fluxes of energy and matter in their environments. A well regulated 
functional balance is required to successful! y cointegrate the two processes that occur in 
the very different environments of air and soil. This balance is even more complex in 
legumes because genetic expression of both symbiotic partners combine to govern the N 
economy and harvestable yield. All plant processes ultimately depend on photosynthesis, 
however, N deficiencies have been reported to limit photosynthesis and both processes 
seem to be closely linked (Sheehy 1987). 
Rhizobium and Bradyrhizobium have attracted great attention due to their capacity 
to establish a symbiosis with the roots of legumes resulting in the reduction of 
atmospheric N2 to ammonia, which, in tum, can be assimilated by the plant (Martinez 
et al . 1990). In addition to the actual scientific interest regarding plant-microbial 
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differentiation during symbiosis, the process of symbiotic N2-fixation has great potential 
for agricultural application. The bacterium in legume symbiosis has a two-fold role. 
Firstly, it provides the required physiological environment for nitrogenase expression in 
the nodules. Secondly, it carries the genes coding for nitrogenase as well as for the haem 
moity of the leghaemoglobin molecule (Dilworth and Applebye 1979). During infection 
and nodule formation, the Rhizobium strain is exposed to harsh physical , chemical and 
biological environments. These environments are usually unfavorable for its survival , 
multiplication and migration. Research is underway to either ameliorate these conditions 
or to select more resistant Rhizobium strains (Roughley 1984). 
The fixed nitrogen eventually contributes to the diet of farm animals and humans. 
The capability to fix atmospheric N2 decreases the requirements of crop legumes for N 
mineralised from soil organic matter or for application of commercial N fertilizer. The 
inherent ability of legumes to fix N2 is a major factor in the cost effectiveness of their 
production (Heichel et al. 1989). 
Forage legumes are especially important crops because (1) they are a major 
source of dietary protein and energy for ruminant animals, (2) they stabilize and enrich 
the soil in conservation tillage, and (3) they can be managed to contribute N to the 
succeeding non-legume crops in rotation. There is a large gap between the average world 
seed yields of grain legume crops and those achieved on research plots. This indicates 
a potential for improvement in legume productivity (Summerfield and Lawn 1987). 
Research on N,-fixation of legumes has emphasized four strategies: (1) selecting 
plant nodules having higher activities of enzymes whose low activities are thought to be 
limiting in N2-fixation, (2) breeding non-fixing legumes to produce controls for field 
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measurements of N2-fixation (Barnes et al. 1990), (3) selecting plants for greater total 
reduced N in either herbage or roots on the assumption that the amount of nitrogen fixed 
would increase concurrently, and (4) developing improved rhizobia! strains of inoculum 
(Heichel et al. 1989). 
Nitrogenase is the first enzyme in the Nz- fixation and assimilation sequence of 
reactions (Figure 1). A rapid, inexpensive and sensitive assay has been developed by 
Hardy and Burns (1968), which utilizes acetylene as a substrate for the nitrogenase and 
gas chromatography to measure the ethylene produced. This has made it possible for 
large scale screening of plant populations, usually at the seedling or juvenile growth 
stage. A large genetic variation has been reported for nitrogenase activity in many 
legume species (Duhigg et al. 1978; Seetin and Barnes 1977; Smith et al . 1982; Tan 
1981). Genetic variation has been extensively utilized to select for enhanced nitrogenase 
activity under greenhouse environments (Barnes et al. 1981), but the results of testing 
the populations selected for improved nitrogenase activity over an entire growing season 
under field conditions were ambiguous (Heichel et al. 1989; Melton et al . 1985). These 
inconclusive results have been attributed in part to the difficulty of using brief 
measurements of the rate of a complex physiological process to predict plant N2-fixation 
over an entire growing season. This is further confounded by errors that may have 
occurred during assaying of the nitrogenase (Minchin et al. 1986; Minchin et al. 1983). 
These errors, however, normally cause an under-estimation of the nitrogenase activity. 
The applicability of greenhouse results to the field also is uncertain, because 
environmental differences in the two may influence gene expression. For instance, nitrate 
N, which is normally present in the field , may not have been present in the initial 
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selection trials in the greenhouse, and may have mediated differential plant performance 
as it normally inhibits nodulation (Barnes et al. 1984; Heichel et al . 1989) and N2-
fixation (Oghoghorie and Pate 1971). Now that a simple, portable and inexpensive gas 
chromatograph has been developed (Holfeld et al. 1979; Mallard et al. 1977; Yatazawa 
et al. 1984), it should be possible to measure nitrogenase activity of nodulated plants in 
the field. However, it has not been used so far in the screening of large plant 
populations. Thus, greenhouse trials for preliminary screening remain the method of 
choice. Differences between the results obtained in field and those in greenhouse trials 
have also been attributed to the fact that the indigenous rhizobia! strains of the soil may 
outcompete the Rhizobium strains being tested, whereas in the greenhouse studies strict 
microbiologically controlled conditions are used (Harderson et al. 1982; Mytton et al. 
1984). Also, one or more of the other enzymes involved in ammonia assimilation such 
as glutamate synthase (GOGA T) (EC, 1.4.7.1), or [EC 1.4.1.14], glutamine synthetase 
(GS) [EC 6.3.1.2], and phosphoenolpyruvate carboxylase (PEPC) [EC 4.1.1.31] may be 
inadequate in the field grown plants (Heichel et al. 1989). 
Despite these constraints, selection for enhanced nitrogenase activity of rhizobia 
is preferably conducted first in the greenhouse and then in the field (Wyne et al. 1980). 
Greenhouse studies ensure more defined environmental conditions and the removal of 
confounding influences caused by indigenous rhizobia in the soil. Thus, the potential 
effectiveness of specific host-Rhizobium combinations can be determined. 
Despite the presence of genetic variation for nitrogenase activity and selection 
strategies for its enhancement, the success in improving N2-fixation has been limited by 
the fact that all nitrogenases not only catalyse the reduction of N2 into NH3 but also of 
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protons to H2 • Schubert and Evans (1976) reported a 30 to 50% loss of nitrogenase 
electron flux in the form of H2 in most nodulated legumes. Similarly, Brewin (1984) 
reported that most nitrogenases lose 25% or more of their electron flux in the evolution 
ofH2 • Since hydrogen is an obligate byproduct of nitrogenase activity, efforts to engineer 
a nitrogenase that would reduce N2 into NH3 but not reduce protons into H2 seem 
unwarranted. 
Considering the energy losses associated with H2 evolution, a mechanism was 
originally proposed by Chatt (1980) and then explained by Burgess (1985) to account for 
this process. Accordingly, the reductant to support the nitrogenase reaction is either 
provided by reduced ferredoxin as in Rhizobium species (Carter et al. 1980) or by 
reduced flavodoxin as in Klebsiella pneumoniae (Shah et al. 1983). The Fe protein 
component of the nitrogenase alters its conformation upon accepting an electron in the 
presence of Mg-ATP. It then combines with and dissociates from the MoPe-protein 
component of the nitrogenase, two molecules of Mg-A TP being hydrolysed in each cycle. 
Consequently, after three cycles of electron transfers from Fe-protein to the MoPe-
protein, a trihydride of the latter is formed, with mono- and di-hydride MoPe-protein 
derivatives as intermediates. Chatt (1980) postulates that N2 displaces two hydrogen 
atoms from the enzyme-trihydride resulting in the formation of H2 and binding of N2• Six 
more electrons are required to form two NH3 molecules from one N2 molecule. He 
argues that the mono- and di-hydride of the MoPe-protein will not react with N2• The 
necessity of N2 for Hz evolution from the nitrogenase MoPe-protein trihydride accounts 
for the minimum stoichiometry of one mole of Hz evolved per mole of Nz reduced. 
Simpson and Burris ( 1984) have indicated that 27% of the nitrogenase electron flux is 
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wasted in H2 evolution even under 50 atmospheres of N2• This also supports the concept 
that H2 evolution is an integral component of nitrogenase activity. 
Lowe et a!. (1984) have explained the phenomenon of H2 evolution in the 
presence of argon instead of N2 by the possibility of back reaction of either the MoPe-
protein -dihydride or -trihydride. Acetylene and other alternative substrates of nitrogenase 
tend to inhibit H2 evolution (Burgess 1985). A significant inhibition of H2 evolution by 
these substrates has been attributed to the possible reaction of these substrates with the 
enzyme at a point in the oxidation-reduction cycle prior to the formation of the most 
reduced form (trihydride) of MoFe-protein. 
Two different forms of nitrogenase have been recently reported in Azotobacter 
that vary in their content of molybdenum and vanadium (Pau 1989). One of them is a 
vanadium containing enzyme and the other lacks both vanadium and molybdenum. These 
metals are constituents of MoFeS clusters which constitute the cofactor centers of 
nitrogenase. They are proposed to be sites of N2 binding and reduction. These alternative 
forms of nitrogenase are even less efficient under normal conditions since they produce 
even greater amounts of hydrogen under N2 or C2H2 atmospheres and reduce acetylene 
to ethane as well as ethylene. Similar enzymes have been suggested to occur in other 
nitrogen fixing organisms. 
In vitro, the partitioning of electrons to N2 or H+ during the nitrogenase reaction 
depends upon the turnover rate of the MoFe-protein component of nitrogenase. The 
highest turnover rate is favored by the reactions containing optimal proportions of the 
two components of nitrogenase as well as optimal concentrations of Mg-A TP and 
reductant. This results in maximum allocation of electrons to N2 and minimum allocation 
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of electrons to H+ (Burris et al. 1980; Hageman and Burris 1980; Burris et al. (1981) 
have pointed out that the control point for allocation of distribution of electron flux to 
various substrates lies at the MoPe-protein component (dinitrogenase) and that its 
reduction state determines whether electrons go preferentially to H+ , C2H2 or to N2• 
Using purified nitrogenase components, Simpson et al . (1985) have been able to monitor 
the time course of H2 evolution and N2 reduction with increasing electron equivalents 
transferred to MoPe-protein. They reported that H2 was evolved at two different 
oxidation states (di- and tri-hydrides) of this component. 
In vivo , the supply of ATP and reductant to nodule bacteroids may sometimes be 
insufficient to provide the electron flux through nitrogenase needed for the generation of 
the postulated MoPe trihydride. The MoPe trihydride is required for maximum N2 
reduction while the less reduced form of the protein catalyses H2 evolution. This explains 
high H2 evolution by legume nodules that lack H2 recycling system (Evans et al. 1981). 
Under ideal environmental conditions, adequate photosynthate is available to nodule 
bacteroids and a maximum number of electrons will be allocated to N2 and will minimize 
H2 evolution. But, in nature , many poorly understood physiological factors influence the 
allocation of nitrogenase electrons. 
Uptake Hydrogenase and H2 Oxidation 
The ATP used by nitrogenase is derived from normal metabolic processes such 
as fermentation in anaerobic organisms and oxidative phosphorylation in aerobic 
organisms. The amount of A TP consumed is large since it is used in N2 reduction as well 
as in a wasteful but necessary H+ reduction. Anaerobes possess a reversible hydrogenase 
that removes the excess of reducing power and catalyses the reaction: 
2e· + 2H+ < ------> H2 
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[1] 
Nitrogen fixation in these organisms has to take place in the presence of H2 
because of hydrogenase activity. H2 is reported to inhibit the N2 reduction but the 
nitrogenase of Clostridium has been shown to be less susceptible to H2 inhibition than 
that of aerobic organisms (Dixon and Wheeler 1986). 
Aerobic organisms may possess an uptake hydrogenase (Robson and Postgate 
1980) which catalyses the reaction: 
[2] 
The electrons may be passed through an electron transport pathway to 0 2 and ATP 
regained by oxidative phosphorylation. The reversible hydrogenase is a soluble, non-
haem iron protein whereas the uptake hydrogenase is a membrane bound and Ni 
containing protein. 
The hydrogen uptake (Hup) system was first reported by Phelps and Wilson 
(1941) . Dixon (1976) then reported that Hup+ strains evolved little or no hydrogen 
during N2 fixation because H2 produced as a byproduct of nitrogenase activity was 
consumed by an independent H2 oxidation system. 
Uptake hydrogenases of N2 fixing bacteria are dimeric except in 
Rhodopseudomonas capsulata in which this enzyme is a monomeric, Ni containing, Fe-S 
protein that catalyses the oxidation of H2 in vivo to possibly produce ATP via the 
respiratory chain. A number of potential benefits have been associated with the Hup 
system. One major advantage proposed is the conservation of at least part of the ATP 
lost in H2 evolution by nitrogenase (Dixon 1972; Emerich eta!. 1979). However, only 
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5 out of 14 Hup+ isolates of Rhizobium leguminosarum showed H2-dependent ATP 
synthesis (an increase in ATP in the presence of added H,), whereas 9 isolates showed 
lack of coupling of H2 oxidation to ATP synthesis. Nelson and Salminen (1982) and 
Ruiz-Argueso et a!. (1978) have attributed this dislinkage to some deficiency in a 
component of the H2 oxidation system of such (uncoupled) Hup+ R. leguminosarum 
strains. Nelson and Salminen (1982) have suggested a major role as an 0 2 scavenger for 
the Hup system. Emerich eta!. (1979) have observed a 500% increase in a steady state 
pool of ATP and 300 to 500% increase in the ~H2 reduction in Hup+ R. japonicum 
bacteroids upon addition of H2• This could not be achieved in Hup· strains of R. 
japonicum. They have, therefore, attached a dual role to the H2 oxidation system, i.e., 
providing respiratory protection to the 0 2-labile nitrogenase and generating A TP to 
support C2H2 reduction. The latter role was also evident from the increased incorporation 
of 15N2 and increased C2H2 reduction in field grown wetland rice upon addition of 
external H2 (Gowda and Watanabe 1985). Salminen and Nelson (1984) have noticed that 
under the conditions of substrate starvation, oxidation of added hydrogen by uptake 
hydrogenase could provide A TP as well as reductant to the nitrogenase complex in a R. 
leguminosarum isolate in which H2 uptake was coupled to ATP synthesis. 
Consumption of 0 2 during H2 oxidation could be important in protecting the Or 
labile nitrogenase as H2 oxidation showed an increase in the C2H2 reduction activity at 
0 2 levels above the optimum in both coupled and uncoupled isolates (Nelson and 
Salminen 1982). On the contrary, N2-fixation has been reported to be limited by the 0 2 
and photosynthate supply (Minchin eta!. 1985). Thus, possible 0 2 depletion caused by 
H2 oxidation has been suspected to decrease the N2-ftxation rates (Drevon eta!. 1987). 
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However, increased 0 2 concentrations in the atmosphere in which legumes were grown 
did not increase N2-fuation and growth (Minchin eta!. 1985). 
Despite its high diffusion coefficient, H2 gas may actually build-up in the nodules 
to levels that may be inhibitory to Nrfixation. Dixon (1972) and Rasche and Arp (1989) 
have indicated that the presence of a layer of cells with few or no intercellular spaces in 
the nodular cortex may serve as a diffusion barrier to gas exchange. Thus, H2 oxidation 
by uptake hydrogenase may have an important role in removing the H2 inhibitory effect 
and in freeing the active sites of nitrogenase for nitrogen reduction. 
Drevon et a!. ( 1982) have reported a 10% lower rate of evolution of respiratory 
C02 per unit of nitrogenase activity from nodules formed by Hup+ strains of R. 
japonicum than that from the Hup· revertable mutant. They have attributed this effect to 
the saturation of the electron transport chain with electrons from H2, resulting in the 
inhibition of carbohydrate oxidation. Consequently, conservation of carbohydrates may 
result in an increased growth rate of nodules formed by Hup+ strains compared to those 
formed by Hup· strains as reported in Glycine max (Evans et a!. 1985) and Vigna 
unguiculata L. (Rainbird et a!. 1983). 
Hydrogen produced as a byproduct of nitrogenase activity or introduced 
extraneously to laboratory Hup+ cultures can not only be oxidized but can also be utilized 
for chemolithotrophic growth by such bacteria if they have been appropriately 
derepressed for uptake hydrogenase under specific conditions. These conditions include 
decreased 0 2 tension (1 to 2%), low level carbon substrates in the medium, and H2 in 
the atmosphere over the cultures (Haugland et a!. 1983), although H2 was latter proved 
unnecessary for derepression (Graham eta!. 1984). Under these conditions, a coordinate 
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induction of ribulose 1 ,5-bisphosphate carboxylase (Rubisco) was observed. In fact, large 
batches of R. japonicum cultures grown chemolithotrophically were used to purify and 
characterize Rubisco (Purohit et al. 1982). Ammonium and nitrate salts have been used 
as N sources for chemolithotrophic growth of this species (Lepo et al. 1980) but attempts 
to induce Nrfixation in free living conditions were unsuccessful (Tilak et al . 1984). 
However, Tilak et al . (1984) have been able to grow R. trifolii and Rhizobium sp. NEA4 
chemolithotrophically with H2 as source of energy and either N2 or an ammonium salt 
as source of N . Similarly, Rhizobium sp. ORS571 (Sesbania) fixed N2 and expressed 
uptake hydrogenase activity in a medium containing succinate as the carbon source (Starn 
et al . 1984). Attempts to induce chemolithotrophic growth and uptake hydrogenase in 
other rhizobia! species under laboratory culture conditions have so far been unsuccessful. 
This has slowed down the progress towards characterization of genetic determinants of 
the H2 oxidation system in species other than R. japonicum. 
Regarding the significance of the contribution of the Hup system to the yield of 
legumes, contradictory results have been obtained. This is because of variability in 
uptake hydrogenase activity and also because of insufficient activity to recycle all of the 
H2 evolved in some of the legumes. Contradictory results have also been attributed to the 
complexity of the symbiotic system, nonstandardization of experimental design (Evans 
et al. 1987) and other confounding variables such as water supply in the field (Dilworth 
and Glen 1984). These evaluations have been mostly based on the comparisons of N2-
fixation and growth of host plants inoculated with wild type Hup+ and Hup· rhizobia! 
strains. In some trials, Hup+ strains performed better than Hup· strains (Albrecht et al. 
1979; Bethlenfalvy and Phillips 1979; DeJong et al . 1982; Hanus et al . 1981; Pahwa and 
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Dogra 1983; Zablotowicz et al. 1980) , whereas in others , there were no significant 
differences (Cunningham et al. 1985; Gibson et al. 1981; La-Favre and Focht 1983; 
Nelson 1983), or the results were contradictory (Kavamandan and Rao 1984). 
Comparisons of the effects of wild type Hup• and Hup- strains on yield are 
difficult to interpret because Hup• and Hup- strains may differ in other characteristics 
that may affect N2-fixation . Therefore, Drevon et al . (1987) have used rhizobial strains 
that were isogenic except for the Hup character. They reported that growth of Glycine 
and Vigna plants inoculated with a Hup- strain was at least equal to the growth of plants 
inoculated with a Hup• revertant strain. They postulated that hydrogenase was 
disadvantageous to the plants as it depleted 0 2• They further reasoned that the 
disadvantage of hydrogenase, at least in some legume hosts, led to lower frequency of 
Hup• strains in the Rhizobium genus than in other genera of N2 fixing prokaryotes. 
In a study involving competition between Hup• and Hup- mixed populations, it 
was reported that Hup activity was either beneficial or disadvantageous to azotobacter 
depending on the growth conditions (Yates and Campbell 1989). Carbon or phosphate 
limitations were reported to encourage Hup• strains to dominate whereas, 0 2 and sulfate 
or iron limitations encouraged Hup- strains. 
Hanus et al . (1979) suggested that Hup• strains might have a competitive 
advantage for their survival in the soil since some Hup• strains of R. japonicum are 
capable of utilizing H2 as a source of energy on nutrient media. The capability of 
chemoautotrophic growth of Hup• rhizobia has not, however, been reported to result in 
higher frequencies of Hup• strains among the isolates from field grown plants (Keyser 
et al. 1984). It remains to be determined whether the Hup system can provide a selective 
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advantage for the free living rhizobia in soil as hydrogenase activity may be derepressed 
in the soil microsites that are characterized by higher pH, and lower p02 levels. It has 
been noticed that the inner area of the soil aggregate is a more favorable habitat for 
Hup+ rhizobia than the outer area (Ozawa et al. 1989). 
Delgado et al. (1989) have reported that the activity of nitrate reductase (the 
enzyme catalysing nitrate reduction into nitrite) was lower in the soybean nodules 
infected with Hup+ strains than in those with Hup· Rhizobium strains. Thus, the Hup 
system seems energetically unfavourable because H2 oxidation generates less energy than 
oxidation of endogenous substrates using equivalent amounts of 0 2• The electron flux to 
nitrate reductase may also decrease because of the use of H2 as an electron donor to the 
respiratory chain (Schlegel and Eberhardt 1979). Starn et al. (1984) have also found that 
less energy per mole of substrate utilized was derived from H2 oxidation than from 
endogenous substrate oxidation. 
Nelson and Salminen (1982) and Nelson (1983) have indicated that Hup per se 
might not be a major factor in increasing the energetic efficiency of N2-fixation. They 
pointed out that Hup, however, could be important in protecting nitrogenase from 0, 
damage since electrons produced in the hydrogenase reaction could be used to reduce 0 2• 
However, this reduction of 0 2 might not be linked to oxidative phosphorylation and 
would not, therefore, reduce the energy cost of nitrogenase activity. A potentially more 
important role of the Hup system has been suggested to be in the regulation of the 
electron allocation coefficient (EAC) of nitrogenase. Layzell et al. (1988) have reported 
that at all values of total nitrogenase activity (fNA), an increase in the EAC from 0.25 
to 0. 75 brought about a reduction in the apparent respiratory cost of N2-fixation of 65%. 
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Since H2 in a nodule bacteroid has been reported to stimulate its own production (Burris 
1985) , it might, therefore, inhibit N2-fixation and reduce the EAC. Thus, a mechanism 
such as the Hup system that could remove free H2 from the nodule bacteroid could be 
expected to provide large indirect savings in the energy cost of N2-fixation . 
A mathematical model proposed by Layzell et al. (1988) has predicted that the 
effect of Hup activity on the respiratory cost of N2-fixation was strongly dependent on 
the EAC. They observed that maximum (100%) H2 recycling resulted in an 18% decline 
in cost at an EAC of 0.25 and only a 6% decline in cost at an EAC of 0.75. However, 
as Hup activity may influence the EAC, which, in tum, may be the major factor 
controlling the respiratory cost ofN2-fixation. The relative importance of the Hup system 
on this cost cannot be assessed by considering the Hup and the EAC as independent 
variables. 
Minamisava et al . (1983) have reported that the rate of transport of reduced N 
from soybean roots nodulated by a Hup+ Rhizobium strain was greater than that in the 
same host plants nodulated by a Hup- strain. They have also suggested that H2 oxidation 
affected the balance of carbon substrate utilization and N assimilation. They later 
reported that an unidentified polyamine compound accumulated at a 10 fold higher 
concentration in soybean nodules formed by several Hup- strains than in nodules formed 
by Hup+ strains (Minamisawa et al. 1984). They suggested that the compound was 
involved in the process of H2 metabolism in soybean nodules. Thus, a functional Hup 
system is likely to affect the nodule metabolism in a much broader sense than is currently 
thought. 
Behki et al. (1985) have successfully transferred the plasmid pJ1008, which 
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determines the hydrogen uptake ability of R. leguminosarum, to R. meliloti and found 
that there was a 40-fold increase in hydrogen uptake activity compared to the R. meliloti 
recipient strain that lacked this plasmid. However, this higher activity was not 
accompanied by an increase in the plant biomass or nitrogen content of shoots. Similarly, 
Sorensen and Wyndaele (1986) have reported that uptake hydrogenase was not as 
important for enhanced N2-fixation as the symbiotic plasmid itself and the genetic 
background of the Rhizobium strain. Cunningham eta!. (1985) have concluded from their 
plasmid transfer studies that uptake hydrogenase activity associated with the plasmid 
pRL6Jl does not improve symbiotic N2-fixation but other traits determined by this 
plasmid might be responsible for the reported promotions of N2-fixation associated with 
this plasmid (DeJong et a!. 1982). 
Characterization of hup Genes 
Mutant strains of R. japonicum have been successfully used in the isolation and 
characterization of hydrogen uptake (hup) genes (Lepo eta!. 1981 ; Maier 1981). These 
researchers have taken advantage of the ability of the wild type Hup+ R. japonicum to 
grow chemoautotrophically (Aut+) with hydrogen to screen for H2-uptake negative 
mutants. This procedure has been used to obtain about 120 mutants unable to grow 
chemoautotrophically with H2 and C02• A penicillin (or ampicillin) enrichment step 
during the chemoautotrophic growth was used to enhance the frequency of Hup· mutants. 
Transposon mutagenesis has also been used to obtain Aur mutants of R. japonicum. 
These Aur mutants are then screened further for deficiency in hydrogen uptake as some 
of these mutants are deficient in carboxylation reactions rather than in H2 uptake ability. 
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Hup· mutants are selected by measuring hydrogen oxidation activity either in free living 
cells derepressed for H2 oxidation activity or in whole bacteroids obtained from soybean 
root nodules. 
Some of these mutants have been reported to lack Hup activity either with ~ or 
with methylene blue as an electron acceptor. These have been regarded as structural gene 
mutations. Some mutants were able to oxidize H2 only when artificial electron acceptors 
such as methylene blue were provided. This has been attributed to lack of an electron 
transport component necessary to couple H2 uptake to the terminal electron acceptor 
oxygen. Some of the mutants were unable to oxidize H2 in free living culture but were 
able to do so in the bacteroids (Maier and Merberg 1982). These mutants latter proved 
to be hypersensitive to 0 2-mediated repression of hydrogenase, i .e. they were able to 
express hydrogenase in free living culture at low 0 2 tensions (0.1% partial pressure). 
Some of the mutants could reconstitute H2 oxidation activity when cell free extracts from 
two different Hup· mutants were mixed together (Maier and Mutaftschiev 1982). One of 
the mutants obtained was N2-fixation negative and hydrogen uptake negative (Nif Hup·) 
strain SR139 , lacking activity for both of the nitrogenase component proteins as well as 
for hydrogenase. Revertants of this mutant that were able to oxidize H2 were also able 
to fix N2, suggesting that SR139 did not contain two independent mutations affecting the 
Nif and Hup phenotypes but a single lesion affecting both the hydrogenase and 
nitrogenase (Moshiri et a!. 1983). Moreover, nodules produced by this strain contained 
normal levels of leghaemoglobin and this strain had a similar growth rate in free living 
culture to that of its parent, suggesting that the lesion was specific for symbiotic 
properties Nif and Hup. Isolation of the Nif Hup· mutant indicated that common genetic 
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components were involved in N2-fixation and hydrogen oxidation. 
Hornet al. (1985) have used a gene bank of a wild type strain of R. japonicum 
I-110 DNA constructed on the cosrnid vector pLAFRl to isolate the genes coding for the 
Hup system. The recombinant cosrnids containing a R. japonicum gene involved in both 
hydrogen uptake and N2-fixation were isolated by transferring the gene bank into the Nif 
Hup· mutant strain SR139. The transconjugants containing the nif!hup cosmids were 
identified by their tetracycline resistance (fc') and ability to grow chemoautotrophically 
with H2• All Aut• Tc' transconjugants possessed high levels of H2 uptake activity as 
determined arnperornetrically and by their ability to reduce acetylene (Nif+) when tested 
on nodules produced by them. Cosrnids from these Hup• transconjugants were used to 
transform Escherichia coli, HB10l. When restricted with EcoRI, 15 of the 19 cosrnids 
had a common restriction pattern i.e. 13.2-, 4.0-, 3.0-, and 2.5-kilobase DNA fragments 
in addition to the 21.6-kb DNA fragment of the linearized pLAFR1 vector. One of these 
cosrnids (pSH22) complemented Nif Hup· strain SR139, suggesting that this cosrnid had 
a gene that was involved in both the nitrogenase as well as hydrogenase activities. The 
restriction fragments from one representative nif!hup cosmid (pSH22) were subcloned 
into plasmid pRK290 and each subclone was mated into two different Hup· but Nif+ 
mutants (Hornet al. 1988). One of the mutants (SU47) was complemented to autotrophy 
at a frequency of 1 per plasmid transfer by the 13.2-kb fragment (pDN11), whereas the 
other mutant (SU59) was complemented by the 3.0-kb subcloned fragment (pDN211) at 
the same frequency. None of the remaining three subcloned fragments could complement 
any of these mutants. These findings indicated that the genes contained in the 13.2-kb 
(pDNll) and 3.0-kb (pDN211) DNA fragments were different from the nif!hup gene 
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located on the pSH22 cosmid, as reported by Hom et a!. (1985) . All the necessary 
components of the Hup system have thus far not been characterized. 
Studies involving plasmid transfer between Hup+ and Hup· strains of R. 
leguminosarum have indicated that hup genes were linked to the plasmid borne nod 
(nodulation) and nif (nitrogen fixation) genes (Brewin et a!. 1982). The hup genes, at 
least in this Rhizobium species, appeared to be physically and functionally linked to the 
symbiotic genes as shown in experiments where Hup failed to be expressed in a Fix 
mutant strain (Brewin et a!. 1983). Cantrell et a!. (1983) have reported that hup genes 
were not located on plasmids in the slow growing bacterium R. japonicum in which 
symbiotic genes were also not plasmid borne. Moreover, no discernible plasmids were 
shown to be present in highly active Hup+ strains of this species (Cantrell eta!. 1982). 
Thus, they concluded that the hup genes in R. japonicum were either located on the 
chromosome or on a plasmid that was too large to be resolved by standard 
electrophoretic techniques. 
Cantrell eta!. (1983), therefore, constructed a gene bank of R. japonicum DNA 
in a broad host range cosmid, pLAFRl. They could identify the hup-specific sequences 
by transferring the gene bank into Hup· point mutants of R. japonicum and subsequently 
screening the transconjugant colonies for their ability to perform H2-dependent reduction 
of methylene blue and to grow chemolithotrophically (Cantrell eta!. 1983; Haugland et 
a!. 1983). They showed that hup genes were distributed over an approximately 15-kb 
DNA insert (in cosmid pHU1). Haugland eta!. (1984) analysed Tn5 insertions in the 
genome of the Hup+ R. japonicum strain and concluded that an approximately 16-kb 
DNA insert in the cosmid pHUI coded for the Hup trait and speculated that hup genes 
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seemed to be organized in at least three transcriptional units . However, pHUl failed to 
confer the Hup activity to some of the field isolates, suggesting that additional sequences 
were needed for complementation of Hup activity. Lambert et a!. (1985a), therefore, 
isolated another cosmid, pHU52, from the gene bank, which also encoded multiple hup 
related genes and that conferred Hup activity to Tn5 generated Hup· mutants. The cosmid 
pHU52 shared EcoRI fragments of 0.6-, 12.9-, 2.9-, 2.3-, 1.6- and 5.0-kb DNA with 
pHUl and contained an additional 5.5-kb EcoRI fragment. 
The cosmid pHU52 has been shown to code for all essential Hup determinants 
(Lambert et a! . 1987). In fact, Harker et a!. (1985) have been able to show that it 
conferred the ability to synthesize both the 60- and 30-kd polypeptide subunits of uptake 
hydrogenase, when conjugally transferred to Hup· R. japonicum. Recently, they have 
demonstrated that two closely linked restriction fragments (a 5.9-kb Hindiii fragment and 
a 2. 9-kb EcoRI fragment) of this cosmid contained the genes that code for the two 
polypeptide subunits of R. japonicum uptake hydrogenase (M, 60,000 and 30,000) as 
indicated by cross-reaction of their in vitro expressed products with antibodies to the 
respective hydrogenase subunits (Zuber eta!. 1986). However, they indicated later that 
the location of the gene for the small subunit of uptake hydrogenase on the 2.9-kb EcoRI 
fragment was incorrect and that both the small and large subunits of uptake hydrogenase 
were located on the 5.9-kb Hindiii fragment of pHU52 (Sayavedra-Soto eta!. 1988b). 
The original incorrect assignment was attributed to nonspecific cross-reactivity of 
antibody to the 30-kD subunit with a protein synthesized by the 2.9-kb EcoRI fragment 
of pHU52 . Thus, the 2.9-kb EcoRI DNA fragment needs to be characterized further . 
Tichy et a!. (1985) have also constructed a gene bank from R. leguminosarum 
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DNA in a wide range host cosmid vector pMMB34. They used a Hindiii subclone of 
pHUl as a hybridization probe and isolated a plasmid pRlB505 and showed that the 
symbiotic plasmids of several Hup+ R. leguminosarum strains also harbored DNA 
homologous to the insert in pHU 1, whereas Hup· strains did not (Seifert et al. 1984). 
Tichy and Lotz (1985) have confirmed these results by a biochemical technique based on 
H2-dependent methylene blue reduction to assay the uptake hydrogenase activity. Several 
R. leguminosarum strains that carried hup-specific sequences on the sym-piasmid and 
others which had not, also showed the corresponding Hup phenotype, i.e. , positive and 
negative methylene blue reduction activities, respectively. 
Seifert et al . (1984) have isolated plasmids from R. leguminosarum strains 
collected from two different locations, one in which pea plants had been grown for at 
least four years (B location) and the other a meadow in which pea plants had not been 
grown for a number of years (yV location). Using cloned hup DNA from R. japonicum 
as a hybridization probe, 15 out of 17 B strains showed hybridization whereas none of 
the W strains showed hybridization with hup DNA. In each of the 15 Hup+ strains, it 
was a symbiotic plasmid that hybridized to the hup DNA probe, thereby supporting the 
hypothesis that hup genes were symbiotic-plasmid-borne. 
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CHAPI'ER ill 
DEREPRESSION OF UPTAKE HYDROGENASE IN DIVERSE RHIZOBIUM 
SPECIES: DETECTION BY .MB REDUCTION ASSAY AND 
BY COLONY HYBRIDIZATION 
Introduction 
Nitrogen fixation is always coupled with proton reduction and consequently H2 
evolution (Robson and Postgate 1980) . Hydrogen evolution results in loss of energy and 
reduction equivalents. Uptake hydrogenase catalyses the oxidation of H2 produced by 
nitrogenase and helps regain part of the energy lost (Carteret a!. 1979; Emerich et a!. 
1979) . The energy generated from H2 oxidation has been reported to enhance acetylene 
reduction (Emerich et a!. 1979). The Hup system in R. japonicwn has produced a 
significantly higher plant yield and nitrogen content in soybean plants (Albrecht et a!. 
1979) . Other potential benefits of the Hup system are removal of excess 0 2 from the 
vicinity of 0 2-labile nitrogenase (Dixon 1972) and prevention of inhibition of nitrogenase 
by H2 (Dixon 1978; Burris 1985; Rasche and Arp 1989) . The Hup system is , therefore, 
widely considered to be a desirable characteristic for enhancing symbiotic N2 fixation . 
The formation of hydrogenases in strains of Alcaligenes eutrophus has been shown 
to be independent of the presence of molecular hydrogen (Schlegel and Eberhardt 1979). 
In these strains, hydrogenase synthesis has been shown to occur during aerobic growth 
on organic substrates and to be regulated by the nature of the organic substrate and the 
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growth rate (Friedrich et a!. 1981). This indicates that hydrogenase synthesis was 
derepressible. On the other hand, in many other species, such as Paracoccus denitri.ficans 
(Nokhal and Schlegel 1980) and A. hydrogenophilus, it is inducible and requires 
hydrogen. Schlegel and Meyer (1985) have been able to obtain mutants derepressible for 
hydrogenase from wild type A. hydrogenphilus. These mutants were able to form 
hydrogenase during growth on gluconate under air while the wild type required molecular 
H2 for hydrogenase synthesis. 
Rhizobia normally do not express uptake hydrogenase in free living conditions. 
Therefore, Hup activity is tested either on root nodules (Lambert eta!. 1985b) , nodule 
bacteroid preparations (Tichy and Lotz 1985) or on free living rhizobia that have been 
grown under special culture conditions to derepress uptake hydrogenase (Lim 1978; 
Maier et a!. 1978; Haugland et a!. 1983). The production of nodules and subsequent 
bacteroid preparation from them is cumbersome and time consuming, thus , making it 
difficult to screen large numbers of rhizobia! strains for the presence or absence of 
uptake hydrogenase. A methylene blue (MB) reduction assay, in conjunction with a 
derepression procedure, has been used for rapid detection of Hup activity in R. 
japonicum (Haugland eta!. 1983). However, it has not been used successfully for other 
Rhizobium species. Hence, there is a need to devise a method to rapidly detect Hup 
activity in diverse rhizobia! species. This chapter describes methods for detecting hup 
genes and the Hup system in R. meliloti and other rhizobia that colonize chickpea and 
pigeonpea plants. 
We demonstrated that structural genes of uptake hydrogenase from R. japonicum 
(Zuber et a!. 1986; Sayavedra-Soto et a!. 1988a) contained in a 5.9-kb Hindiii DNA 
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fragment of the cosmid pHU52 were homologous to a 6.0-kb Hindiii restriction fragment 
of the plasmid pDNll , which has been shown to complement a Nif+ Hup· mutant, SU47 
(Hom eta!. 1988). The hup genes from pHU52 were used as an hybridization probe to 
detect hup genes in rhizobia that nodulate alfalfa, chickpea and pigeonpea plants. These 
results were correlated with those obtained from an MB reduction assay. 
Materials and Methods 
Chemicals 
Antibiotics, dextran sulfate (sodium salt; mw 500,000), heparin, lysozyme (grade 
I) and vitamins were obtained from Sigma Chemical Company. Malonic acid was 
purchased from Nutritional Biochemical Corporation. CsCl (ultrapure, optical grade), 
formamide (redistilled), restriction endonucleases and tris base (ultrapure grade) were 
obtained from Bethesda Research Laboratories (BRL). Methylene blue and pyrogallol 
were purchased from Mallinckrodt Chemical Works. DNAase-free RNAase and 
proteinase-K were obtained from Boehringer Mannheim Biochemicals. Iodoacetic acid 
was obtained from J. T. Baker Chemical Company. Agarose (Seakem genetic technology 
grade) and all the reagents used in sulfonation of hup DNA, pre-hybridization, 
hybridization, stringency washes and detection of the hybrid DNA were included in the 
Chemiprobe kit purchased from FMC Bioproducts. All other chemicals were reagent 
grade. 
Bacterial strains 
The Rhizobium strains that nodulate alfalfa, chickpea and pigeonpea used in these 
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studies are listed in Tables 1-3. They were grown at 28°C on yeast mannitol agar (YMA) 
medium (containing L·': yeast extract, 0.5 g; mannitol , 10 g; NaCl, 0. 1 g; MgS0.-7H20 , 
0.2 g; K2HP04 , 0.5 g; agar, 1.5 g; [pH 6.8]) slants and stored at 4°C. R. japonicum 
strains SR139(pSH22) and SR139(pRK290) were maintained on YMA containing 
tetracycline (20 11-g mL·'). Whereas E. coli strains HB10l(pDNll) and HB101(pDN211) 
were maintained on Luria-Bertani (LB) medium (containing L·': Bacto tryptone, 10 g; 
Bacto yeast extract, 5 g; NaCl, 10 g; [pH adjusted to 7.5 with NaOH]) containing 
tetracycline (20 11-g mL·'). These strains were kindly provided by Dr. R. J. Maier of the 
John Hopkins University, Baltimore, Maryland. E. coli strain HB101(pHU52) was 
obtained from Dr. H. J. Evans of the Oregon State University, Corvallis, Oregon and 
maintained on LB medium containing tetracycline (20 11-g mL·') . 
Derepression of uptake hydrogenase 
in free living Rhizobium 
Hydrogenase was derepressed in all rhizobia! strains by a method adapted from 
Lentzsch and Miksch (1988), De Vries et al. (1988), Starn et al. (1984), and Haugland 
et al . (1983). Only the final procedure is described here. A synthetic medium was 
prepared containing L·' : agar, 15 g; K2HP0.-3H,O, 2.18 g; KH2P04 , 0.87 g; 
MgS04 7H20, 0.1 g; NaCl, 0.05 g; MnS04H20, 2.5 mg; ZnS0.-7H,O, 0.7 mg; 
CoC122H20, 0. 14 mg; CuS0.-5H20, 0.12 mg; H3B03, 0.03 mg; CaC12-2H20, 40 mg; 
FeS0.-7H20, 5.5 mg; citric acid, 5.25 mg; NaMo04 2H20, 5 mg; NiC12·6H20, 0.2 mg; 
nicotinic acid, 20 mg; Ca-pantothenate, 4 mg; biotin, 0.02 mg; sodium succinate, 5 g; 
NH4Cl, 0.53 g; glucose, 2 g; mannitol, 2 g; yeast extract, 0.5 g (pH 6.8). The medium 
was aseptically dispensed into 48-well cell culture plates (0.5 mL well-') . Rhizobia! 
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strains were cultured in these plates and incubated at 28"C for 2-6 days, depending upon 
the growth rates of the strains. Then, they were placed in a transparent rectangular (300 
x 150 x 170mm) plexiglass chamber whose lid was equipped with one air tight septum 
adapter at each end to serve as the gas inlet and outlet. The lid was sealed onto the 
chamber with silicone and masking tape and a gas mixture composed of 0.5% ~ and 
99.5% N2 was flushed aseptically through the chamber at a rate of 30 mL min·1 for 6 
days at 2s•c (Figure 2). 
Detection of Hup+ colonies 
Hydrogen gas was introduced to a final concentration of I% H2 (v/v) in the gas 
mixture being released into the chamber to activate the uptake hydrogenase. The culture 
plates were removed from the chamber after 4 hours of incubation in 1 % H2 and 
subjected to the MB reduction assay. Two hundred J.LL of a solution containing 200 mM 
iodoacetic acid , 200 mM malonic acid, 10 mM MB, 50 mM KH2P04 and 2.5 mM 
MgCI2, adjusted to pH 5.6 with KOH, was added into each well. After 15 min, the 
excess solution was removed by inverting the plates and striking on paper towels 3 to 
4 times. The plates were incubated in air for an additional 45 min for equilibration of 
colonies with the solution after which they were returned to the chamber that was 
used for derepression. The chamber was placed in a fume hood and H2 gas , bubbled 
through 1 M pyrogallol in 60% (w/v) KOH, was flushed through the chamber at a 
rate of 100 mL min·1 for up to 24 h. The decolorization of all Hup+ colonies was 
completed in 4 h. R. japonicum strains SR139(pRK290) and SR139(pSH22) were used 
as negative and positive controls, respectively. The plasmid pSH22 is capable of 
I I~ 
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Figure 2. The bacterial cultures grown in cell culture plates were incubated in a chamber while a filter sterilized gas 
mixture flushed through the chamber for six days to derepress the rhizobia for uptake hydrogenase. 
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complementing several Hup· mutants and is considered to contain all the necessary 
components of the Hup system (Hom eta!. 1985; Hom eta!. 1988). 
Analytical isolation of pHUS2, pDN211 
and pDNll from E. coli 
The plasmids were isolated from E. coli strains, HB101(pHU52), 
HB101(pDN211) and HB101(pDNll) on an analytical scale in order to confirm their 
identity by restriction endonuclease digestion (&oRI and Hindiii) and subsequent 
minigel electrophoresis before their extraction on a preparative scale. Each of these 
strains was grown in 10 mL of LB medium containing 20 p.g mL·' tetracycline at 
37°C with shaking at 200 rpm for 16 to 18 h. The plasmid DNAs were extracted from 
each of these cultures as described by Morelle (1989) . Bacterial cells were pelleted in 
a 1.5 mL centrifuge tube at 8000 rpm for 1 min. The tubes were thoroughly drained 
and the pellets were suspended in 200 p.L of GTE (50 mM glucose; 25 mM tris HCl; 
10 mM EDTA [pH 8]) solution containing 4 mg mL·' lysozyme. After incubation of 
the mixtures at room temperature for 5 min, 400 p.L of freshly prepared alkaline 
solution (0.2N NaOH; 1% SDS) was added in each tube. The tubes were gently 
inverted 3 times and placed on ice for 5 min. Then, 300 p.L of 7.5 M ammonium 
acetate buffer (pH 7.8, without adjustment) was added and the capped tubes were 
inverted gently four times and put back on ice. After 10 min, the tubes were 
centrifuged at 10,000 rpm for 3 min . The supernatants were collected in fresh tubes 
and plasmid DNAs precipitated by adding 500 p.L of isopropanol. The tubes were 
incubated at room temperature for 10 min and centrifuged at 15 ,000 rpm for 10 min. 
The supernatants were aspirated and the pellets washed with 70% ethanol and dried in 
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a Savant speedvac concentrator. The pellets were suspended in 100 ILL TE buffer (10 
mM tris HCl; 1 mM EDTA [pH 8]) buffer. The DNA solutions were spun briefly to 
sediment the opaque material and the upper clear solution was collected in another 
microcentrifuge tube. 
Preparative isolation of cosmid DNA 
E. coli HB101(pHU52) that contains the structural genes for uptake 
hydrogenase of R. japonicwn was grown overnight in 10 mL of LB medium 
containing 20 1-'g mL·' tetracycline at 37•c with shaking at 200 rpm. One to 2 mL of 
this culture was aseptically transferred into lL of LB medium containing 20 1-'g mL·' 
tetracycline in a 4L flask and grown as described above. The cells were then 
harvested by centrifugation at 5,000 x g for 5 min at 40C. The cell pellet from each 
liter of the culture was used to extract the plasmid DNA according to Ausubel et a!. 
(1987) . The pellet was vigourously suspended in 40 mL of GTE solution containing 3 
mg mL·' lysozyme. The cell suspension was incubated at room temperature for 5 min 
during which time 8 mL aliquot of the suspension were dispensed into Nalgene 
polycarbonate 40 mL centrifuge tubes. Sixteen mL of lysis solution (0.2 N NaOH; 
I% SDS) was added into each tube and tubes were gently rotated manually to mix the 
cell suspension with the lysis solution. The solution became extremely viscous. After 
incubation at room temperature for 5 to 10 min, 15 mL of an ice cold solution of 3M 
potassium acetate (296 gm L-1 potassium acetate, pH adjusted to 4.6 with acetic acid) 
was added and tubes were again rotated gently to mix the contents. They were 
incubated on ice for 10 min and then centrifuged at 48,000 x g for 20 min at 4•c. 
37 
The supernatants from every four centrifuge tubes were carefully collected into 
another 250 mL centrifuge bottle and DNA pelleted by adding 0.6 volume of 
isopropanol and stored at 4"C overnight. The bottles were centrifuged at 7,000 rpm 
for 15 min to recover the DNA pellet. The pellet from each 250 mL bottle was gently 
dissolved in approximately 10 mL of TE buffer. One gram of solid CsCl was added 
for every mL of the DNA solution and dissolved gently. To this solution, 0.8 mL of 
an ethidium bromide solution (10 mg mL·') was added for every 10 mL. 
Ultracentrifugation was performed in a swinging bucket rotor (SW 41, Beckman) at 
15"C at 48,000 rpm for 48 h to purify the cosmid DNA (pHU52) from the 
chromosomal DNA of E. coli. The cosmid DNA band was recovered by piercing the 
tubes below the band with a 18 gauge hypodermic needle while illuminating the tubes 
under ultaviolet light. The ethidium bromide was extracted from the pooled cosmid 
DNA solution with water-saturated ether. The DNA was ethanol precipitated and 
redissolved in TE buffer and dialyzed exhaustively against ice cold TE buffer at 4"C. 
The DNA was ethanol precipitated and then redissolved in TE buffer and the DNA 
concentration and purity determined spectrophotometrically (A260 and A260:A280, 
respectively) . The DNA yield was very low owing to the large size and low copy 
number of the cosmid pHU52 (1 to 2 ,.g hup DNA L·' of the E. coli culture). 
Restriction endonuclease digestion and 
recovery of hup DNA 
Restriction endonuclease Hindill was used according to the instructions of the 
nanufacturer to digest the pHU52 DNA obtained as described above. An aliquot was 
vithdrawn from the reaction mixture after two hours of incubation and mixed with 
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1/Sth the volume of gel loading buffer (20% ficoll 400; 0.1 M EDTA; l% sodium 
dodecyl sulfate; 0.25% bromophenol blue [pH 8]). The mixture was electrophoresed 
on an analytical gel of 0.6% GTG agarose in tris-borate-EDTA (fBE) buffer (89 mM 
tris; 89 mM boric acid; 2.5 mM EDTA [pH 8.2]) at 4 to 5 V em·' gel length to 
confirm the completion of the digestion. Five J.LL of Hindiii-lambda DNA (BRL) was 
included in one of the wells of the gel for size comparisons as well as for 
quantification by matching the flourescence of the 5.9-kb DNA band with the lambda 
DNA bands. The gel was stained in ethidium bromide (0.5 J.Lg mL-') for 30 min and 
the bands visualized using an ultraviolet transilluminator. 
The rest of the reaction mixture was loaded onto a preparative agarose gel 
(0.6% GTG agarose in TBE buffer) prepared by using a single preparative comb and 
electrophoresed to resolve the 5.9-kb Hindiii band (hup DNA) from the rest of the 
pHU52 DNA fragments. Upon completion of the electrophoresis, this band was cut 
out of the gel and the gel slice cut into small pieces. DNA was extracted from the gel 
pieces using an electroelutor/concentrator (Isco Inc.) . The device was silanized to 
inprove the recovery of DNA. The electroelution was performed according to 
Zassenhaus et al. (1989) as described in the Isco Application Bulletin 54 (1989) . The 
gel pieces were restained with ethidium bromide to check the extent of electroelution. 
The electroelutor was placed on the edge of a l L beaker containing ice cold TE 
tuffer so that the dialysis membrane at the bottom of the collection cup of the 
eiectroelutor touched the buffer. This helped loosen the DNA adhered to the 
nembrane of the collection cup. DNA was collected in a silanized centrifuge tube and 
e:hanol precipitated. The tube was centrifuged to recover the pellet. The supernatant 
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was aspirated, the pellet dried in a Savant speedvac concentrator and the DNA 
dissolved in small volume of TE buffer to a concentration (100-200 ng J.LL-1) suitable 
for use in DNA hybridization experiments. 
Restriction endonuclease digestion of plasmid 
DNA, electrophoresis and Southern hybridization 
Twenty J.LL of each plasmid preparation obtained was digested separately with 
of EcoRI and Hindiii restriction endonucleases in 40 J.LL final reaction volume 
according to the manufacturer's instructions. Half J.LL of DNAase-free RNase was 
added and the reaction continued for 1 h at 37"e. The digestion was stopped by 
adding 115th the volume of loading buffer and 10 J.LL of the resulting mixture was 
electrophoresed in a minigel. Five J.LL of lambda DNA digested with Hindiii was also 
included in the gel to determine the size of the DNA fragments. The gel was stained 
with ethidium bromide and photographed using a polaroid camera (Quickshooter, 
International Biotechnologies) and a UV transilluminator. 
The gel was soaked in 0.4N NaOH-0.6 M Nael for 30 min at room 
temperature with gentle agitation to denature the DNA. It was then incubated in a 
neutralizing solution (1.5 M NaCI; 0.5 M tris Hel [pH 7.5]) for 30 min at room 
temperature with gentle agitation. Meanwhile, a GeneScreenP1us membrane (NEN 
Research Products, Dupont) was cut to the exact size of the gel and its DNA binding 
side, as identified by its concave surface, was marked. The membrane was floated on 
the surface of deionized water to let it wet by capillary action. The membrane was 
then placed onto a 10 X SSe (20 X SSe, containing L·1: Nael, 175.3 g; sodium 
citrate, 88.2 g; pH adjusted to 7.0 with 1 M He1) solution for 15 min. A Whatman 3 
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mM filter soaked in 10 X sse was placed on a glass plate placed on the edge of a 
pyrex tray filled with 10 X SSe, and the filter ends were immersed into the solution. 
Care was taken not to trap any air bubbles between the glass plate and the filter. The 
gel was carefully placed onto the Whatman 3 mM filter. The membrane was then laid 
down onto the gel with the DNA binding side of the membrane touching the gel. 
Again, care was taken not to trap any air bubbles. Strips of parafilm were placed 
around the gel to avoid the short circuiting of 10 X sse solution. Five or 6 sheets of 
dry Whatman 3 mM filter cut to the size of the gel were placed on the membrane. A 
2-3 inch stack of absorbent paper towels was placed on top of the filter papers. Then, 
a glass plate and a small weight was placed on top of the towels and the transfer was 
allowed to proceed for 24 h. The membrane was lifted after removing the stacks of 
towels and filters and soaked in 0.4N NaOH for a few seconds to ensure complete 
denaturation of the immobilized DNA. The membrane was then immersed in 2 X SSe 
containing 0.2 M tris Hel (pH 7.5), dried at room temperature, and stored in a sealed 
bag until used. 
The hup specific DNA (5.9-kb Hindiii fragment) obtained as described above, 
was sulfonated by using the ehemiProbe nonradioactive labelling and detection kit 
according to the manufacturer's instructions. The DNA concentration used was 200 
ng J.<L·'. Hybridization was performed according to the instructions provided with the 
kit. The membranes were prehybridized in 75 J.<l cm·2 of 50% formamide (deionized) 
solution, 1% SDS, 1 M NaeJ, 5% dextran sulfate and 100 J.<g mL·' freshly denatured 
salmon sperm DNA in a sealed plastic bag at 42oe for 2-4 h. Then, for hybridization, 
freshly denatured (not more than 95oe for 5 min) sulfonated hup DNA was added into 
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the bag at a final concentration of 100 ng mL·' and the incubation continued for 
another 24 h. 
The membranes were washed in 2 X sse containing 0.1% SDS at room 
temperature for 15 min and then in a similar solution at 68"e for an additional 15 
min. They were then washed in 0.2 X SSe containing 0.1% SDS at 68oe for five 
times for 10 min each. The membranes were briefly blot dried on Whatman 3 mM 
filters and stored until used for immunological visualization of the DNA hybrid bands. 
The membranes were sealed in plastic bags and incubated in blocking solution 
(25 1-11 cm-2) prepared by adding 0.3 gm mL·' of the 1:1 mixture of blocking diluent 
and deionized water at room temperature for 1 h. Then, mouse monoclonal anti-
modified hup-DNA antibody was added into the bags to a final dilution of 1:250. The 
bags were sealed and incubated for an additional hour at room temperature. The 
solution was redistributed occasionally over the filters . The filters were washed three 
times, 5 min each, in a solution (0.5 M Nael, 0.09% Brij 35). The membranes were 
then incubated in the blocking solution (25 1-11 cm-2) prepared as described above 
except that the alkaline phosphatase anti-mouse immunoglobin conjugate was also 
added to a fmal dilution of 1:250. After one hour at room temperature, the 
membranes were washed five times for 10 min each in the wash solution prepared as 
described above. The membranes were next incubated in a chromogenic substrate 
solution (25 1-11 cm-2), which was prepared by additing into 5 mL of the substrate 
buffer (100 mM tris Hel; 100 mM Nael; 5 mM Mgel2 [pH 9.5]), 15 mg of 
chromogenic substrate-! (nitroblue tetrazolium, NBn and 20 1-11 chromogenic 
substrate-2 (5-bromo-4-chloro-3-iodolylphosphate, BeiP). This step was performed at 
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37°C for 1-3 h under dim light.The reaction was stopped when adequate color 
development had been achieved by washing the membranes in 95% ethanol for a few 
seconds. 
Colony hybridization 
Strains of Rhizobium species that nodulate alfalfa, chickpeas and pigeonpeas 
used for colony hybridization with hup specific DNA to characterize them either as 
Hup+ or Hup· are listed in Tables 1-3. All the strains were initially grown on nylon 
filters (ColonyPlaque Screen, NEN Research Products, Dupont) to compare their 
growth rates on the basis of their average colony size. Strains of comparable growth 
rates were grown on the same ftlters in the actual hybridization experiments. R. 
japonicum strain SRl39(pSH22) was used as positive control and SR139(pRK290) as 
negative control in the colony hybridization experiments with the hup DNA probe. 
Nylon or Whatman 541 filters (90 mm) were grided and autoclaved at 12l°C and 
15psi for 15 min. They were placed on yeast mannitol agar (YMA) plates with the 
DNA binding side of the filters facing upward. Rhizobium strains were then 
aseptically transferred from maintenance culture plates onto the filters and grown at 
28°C until colonies of 1 to 2mm were obtained. The filters were processed with a 
slight modication as in Maas (1983) . Each filter, with colonies facing up, was placed 
on a 3 mM Whatman filter saturated with lysing solution (0.5 M NaOH; 1.5 M NaCl) 
in a pyrex petri plate and steamed for 3 min in a pyrex tray half filled with distilled 
water and a rack placed to support the petri plates. The trays were covered with saran 
wrap during steaming. The filters were then placed on a new Whatman 3 MM filter 
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saturated with fresh lysing solution for an additional minute at room temperature. 
They were then immersed in neutralizing solution (1 M tris Hel; 2 M Nael [pH 7]) 
for approximately 4 min. The filters were processed in batches of three in each of the 
lysis and neutralization steps. Each filter was then placed on a pad of Whatman 3 mM 
filter saturated with 2 X SSe for 5 min. Each filter was then sealed in plastic bag 
(Microseal) containing 50 ~tL cm·2 of 1 X SSe solution with 0.5 mg proteinase K and 
10 mM Mgel2 and incubated at 37"C for 1 h. They were then dried at room 
temperature, sealed in the plastic bags and stored at 4oe until used in hybridization. 
The hybridizations were performed as described above except that the probe 
concentration was 75 ng mL·' of the hybridization solution and that heparin was added 
to a final concentration of 3.5 mg mL·' in the first blocking step. To verify the results 
obtained from colony hybridizations with ehemiprobe hup DNA, a 32P-labelled hup 
DNA probe was also used as the latter method is more sensitive. The results obtained 
from both methods were consistent. The procedures involving the radioactively 
labelled hup DNA were performed by Dr. Joanne Hughes (Department of Biology, 
USU). The prehybridization, hybridization and stringency conditions were the same as 
described above except that only 10 ng mL·' DNA was used in the hybridization step. 
Results and Discussion 
Derepression and detection of the Hup system 
Fifty nine strains of R. meliloti, 20 Rhizobium strains that nodulate chickpeas 
and 19 strains that nodulate pigeonpeas were tested for the presence or absence of 
uptake hydrogenase activity subsequent to derepression. It was found that 30% of the 
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R. meliloti strains were Hup+ , whereas 30% of the chickpea- Rhizobium and 21% of 
the pigeonpea-Rhizobium strains were Hup+ as determined by the MB reduction assay 
(Tables 1-3). However, considering their common geographical origins, some of the 
Hup+ strains of R. meliloti are likely to be identical, such as USDA1024 and 
USDA1024a from the USDA collection, 102F51, 102F77, 102F93 and 102F94 from 
Urbana Labs., PV8, RMZ2 and CmRmZ3 from our laboratory's collection and strains 
UL61, UL141 , UL183, UL207, UL221 and UL224 from the Nepal-Pakistan 
collection of the Forage and Range Research Laboratories, United States Department 
of Agriculture (USDA), Logan, UT. These strains have not yet been authenticated to 
be distinct either serologically or by any other means. R. meliloti previously has been 
reported to possess uptake hydrogenase activity only rarely (Nelson and Salminen 
1982) and has been difficult to derepress for the uptake hydrogenase system 
(Haugland et al. 1983). The chickpea- and pigeonpea-Rhizobium species have not been 
previously studied for their Hup phenotype by either derepression of the Hup system 
or by genetic screening involving hybridization to the hup DNA. The method 
described here has been successfully used to derepress and detect Hup activity in 
these three diverse species of rhizobia. 
The method described by Postgate et al . (1982) to differentiate between Hup+ 
and Hup· colonies of Azotobacter chroococcum does not eliminate the endogenous 
substrate reduction of MB because they incorporate only sodium flouride as a 
glycolytic inhibitor. Since Hup+ and Hup· colonies were discriminated only on the 
basis of their differential rates of MB reduction and different Hup+ colonies of the 
same strain also exhibited differential rates of MB reduction, the method was not 
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applicable to screen diverse strains of rhizobia for the Hup phenotype. 
Haugland et al. (1983) circumvented this problem by using inhibitors of 
endogenous substrate reduction of MB, such as malonic acid and iodoacetic acid, but 
their method could not observe dye reducing activity by rhizobia! species other than 
R. japonicum despite improvements in derepression conditions over those described 
by Maier et al. (1978) . In addition, they used filters (Whatman No. 541) to lift the 
colonies from the Petri plates and it is not practical to grow the colonies of different 
growth rates on the same Petri plate without contamination between adjacent Hup+ 
and Hup· colonies of strains having different growth rates. 
The method of Lentzsch and Miksch (1988) also does not incorporate 
inhibitors of endogenous substrate reduction of MB and uses flasks to grow individual 
colonies, which makes large scale screening of isolates a cumbersome procedure. 
The method described here can be applied to a mass-scale simultaneous 
screening of rhizobia with diverse growth rates without the likelihood of lateral 
contamination between colonies as they are grown in separate wells of the cell culture 
plates. The gas mixture has been simplified to contain only N2 and 0 2 since H2 is not 
essential for derepression of uptake hydrogenase (Graham et al . 1984). The method 
was used successfully for detection of uptake hydrogenase in diverse rhizobia, i.e. R. 
meliloti and Rhizobium species that nodulate chickpeas and pigeonpeas. Identical 
plates were flushed with N2 instead of H2 to check for endogenous substrate reduction 
of MB. No decolorization was observed in any of the wells of these plates. Strain 
SR139(pRK290), used as the negative control in every plate, retained blue color up to 
24 h of incubation in H2 gas, whereas SR139(pSH22), used as the positive control in 
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every plate, showed decolorization of MB within 2 h. 
The method can be adapted for colonies replica-plated onto filters from petri 
plates. This will allow one to rapidly screen the transconjugants resulting from 
transfer of recombinant DNA constructs from E. coli to rhizobia, as in this case, it 
will be unnecessary to transfer each colony into separate wells of the cell culture 
plate. However, when the objective is to screen large collections of rhizobia for 
uptake hydrogenase, growing the strains in cell culture plates may give the most 
reliable results. Although bacterial strains of different growth rates can be grown on 
the same plate, it is advantageous to initially compare the growth rates of all strains 
so that strains of comparable growth rates can be grown on the same plate. 
Southern hybridization 
Two different uptake hydrogenases have been reported in R. lupinus strains 
(Murillo et al. 1989). One of the Hup• strains of this Rhizobium species failed to 
show hybridization with the 5. 9-kb Hindiil fragment containing structural genes for 
the uptake hydrogenase from R. japonicum but produced nodules that were highly 
active in H2 oxidation. This indicates the presence of more than one type of hup 
sequence in the endosymbiotic bacteria. Zuber et al. (1986) and Hom et al. (1988) 
have used two different Hup• strains of R. japonicum, 122DES and I-110, 
respectively, in constructing and then transferring their gene banks into Hup· mutants 
in order to characterize hup genes by complementation for the Hup phenotype. A 5.9-
kb Hindiil DNA fragment of the plasmid pHU52 isolated from the gene bank of R. 
japonicum strain 122DES has been shown to code for both the polypeptide subunits of 
Figure 3. 
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Cultures of Hup+ bacterial strains stained with methylene blue subjected 
to pure hydrogen treatment exhibit reduction of the dye whereas those of 
Hup· strains retain blue color. 
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its uptake hydrogenase (Sayavedra-Soto et al. 1988a). The DNA insert in the plasmid 
pSH22 isolated from the gene bank of the strain I-110 has been subcloned into 
pRK290 and, consequently, the plasmids pDN211 (containing a 3.0-kb EcoRI DNA 
fragment) and pDNll (containing a 13.2-kb EcoRI DNA fragment) have been shown 
to complement two different Nif+ Hup· mutants, SU59 and SU47, respectively (Hom 
et al. 1988). These DNA fragments have not been characterized further. To explore 
the relationship, if any, between the genes for uptake hydrogenases of the two strains, 
we used the 5.9-kb Hindiii DNA fragment containing the structural genes of uptake 
hydrogenase of the strain 122DES, as a hybridization probe to determine its homology 
with any of the DNA fragments of the plasmids pDN211 and pDN11 . 
The plasmids pHU52, pDN211 and pDN11 were each digested with restriction 
endonucleases Hindiii and EcoRI and electrophoresed on a 0.6% agarose gel. The 
restriction pattern of each of the plasmids is shown in Figure 4. The plasmid pHU52 
produced 12.9-, 5.5-, 5.0-, 2.9- and 2.3-kb DNA fragments in addition to the 
linearized 2 1.6-kb pLAFR1 cosmid when digested with EcoRI . The plasmid pDNll 
produced a 13.2-kb fragment when digested with EcoRI and 6.0- and 2.1-kb 
fragments when digested with Hindlii. The plasmid pDN211 produced a 2.9-kb 
fragment in addition to the linearized 20-kb vector when digested with EcoRI and 
none with Hindiii . 
The Hindiii restriction fragments of the three plasmids were 
e1ectrophoretically resolved and transferred to the GeneScreenPlus membrane and 
hybridized to the sulfonated hup DNA (5.9-kb Hindiii) probe as described in the 
materials and methods. The 5.9-kb Hindiii fragment of pHU52 was used as a positive 
Figure 4. 
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(a) The gel showing the restriction pattern of plasmids pHU52, pDN2ll 
and pDNll digested with Hindiii (lanes 2, 3 and 4, respectively) or 
EcoRI (lanes 5, 6 and 7, respectively). Lane 1 represents the Hindiii 
digested lambda DNA as size marker. (b) The gel section containing lanes 
l, 2, 3 and 4 was excised and used in Southern hybridization to the 5.9-kb 
Hindiii DNA fragment containing the structural genes of uptake 
hydrogenase of B. japonicum. It is shown that only the 6-kb Hindiii 
fragment of pDN!l hybridized to the DNA probe. 
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control. The 6.0-kb Hindiii fragments of pDNll and the 5.9-kb Hindiii fragment of 
pHU52 showed strong hybridization signals to the 5.9-kb Hindiii fragment of pHU52. 
None of the remaining Hindiii fragments of any plasmid showed any signal. This 
indicates that the 13.2-kb EcoRI insert of pDNll contains the structural genes for 
uptake hydrogenase in a 6.0-kb Hindiil DNA fragment. Thus, the hup region of the 
two rhizobia] strains not only exhibit a similar restriction pattern (Hom et al . 1988) 
but their hup genes are conserved as well. This allows one to use either of the two 
DNA fragments as a probe to screen homologous hup genes in other rhizobia. No 
DNA probe id presently available for the second Hup system identified in R. lupinus 
(Murillo et al. 1989). 
Colony hybridization 
We used the 5.9-kb Hindiii fragment of pHU52 as a hybridization probe to 
detect the homologous hup specific DNA in R. meliloti and other Rhizobium species 
that nodulate chickpea and pigeonpea plants. The results obtained from MB reduction 
assays in most cases were consistent with those obtained from hybridizations with 
hup-specific DNA. All the chickpea Rhizobium strains that exhibited a positive 
hybridization response to the hup DNA probe also reduced MB (Hup+) and those 
which were genotypically devoid of the Hup system were not able to reduce MB 
(Table 3). This indicates that all Hup+ chickpea rhizobia containing hup genes 
homologous to the 5.9-kb DNA fragment can be derepressed for uptake hydrogenase 
under the conditions described in materials and methods. 
R. meliloti strain 3623 and pigeonpea Rhizobium sp. strain IC3282 showed 
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strong hybridization signals to the hup DNA in 6 different colony hybridization 
experiments each. But they could not be derepressed for uptake hydrogenase in 5 
different experiments (Tables I and 2). To exclude the possibility of contamination of 
the strains and to verify the purity of cultures, single colony isolates were used in 
each replicate experiment. Identical results were obtained for these two strains in all 
colony hybridization and MB reduction assays. This may be attributed to an absence 
of a complete set of hup genes or to mutations in the hup regions of these two strains. 
Hydrogen oxidation is controlled by several genes in addition to the structural genes 
for uptake hydrogenase. Lambert et a!. (1987) and Palacios et a!. (1988) have 
identified several additional transcriptional units that are essential for hydrogen 
oxidation in R. japonicum and R. leguminosarum. 
Involvement of several other genes in hydrogen uptake in R. japonicum is 
evident from the fact that Tn5 Hup· mutants mapping outside of the hup structural 
genes have been obtained (Haugland et a!. 1984; Lambert et a!. 1985a). Similarly, 
using transposon mutagenesis and complementation analysis, Leyva et a!. (1990) have 
noticed that the hup genes of R. leguminosarum spanned a 15-kb region and that Hup· 
mutants fell into six distinct complementation groups that defined six transcriptional 
units . However, they have been able to characterize only one of the transcriptional 
units and the total number and organization of hup genes in any of the endosymbiotic 
bacteria are not yet known. Maier (1981) has also found certain Hup· mutants of R. 
japonicum that are unable to oxidize H2 with 0 2 but are capable of doing so with 
artificial electron acceptors such as MB. However, none of the strains from our 
Rhizobium collection, which were phenotypically Hup+ as determined by the MB 
Table 1. 
strain 
102F34 
102F51 
102F66 
102F77 
102F93 
102F94 
102F96 
USOA1024 
USOA1024a 
USOA1025 
USOA1028 
USOA1029 
USOA1030 
USOA1031 
USOA1111 
USOA1113 
SL1 
SL4 
SL6 
SL7 
BL1 
BL2 
BL3 
01 
02 
04 
PV5 
PVB 
RMZ2 
RMZ3 
CmRmZ1 
CmRmZ3 
NG2 
CP113 
CP117 
1158 
3623 
55-5 
56-1 
56-4 
56-6 
56-7 
56-8 
56-9 
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Strains of Rhizobium meliloti Screened for Uptake Hydrogenase by the 
Methylene Blue Reduction Assay and Hybridization to the hup-DNA 
Probe 
Methylene Blue 
Reduction 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
DNA 
Hybridization 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Source 
Urbana Labs. 
N-Fix. and 
Soybean 
Labs. 
Field isolate 
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Table I . Continued. 
Strain Methylene Blue DNA Source 
Reduction Hybridization 
UL59 Nepal-Pak . 
UL61 + + FRRL, USDA 
UL73 
UL113 
UL129 
UL136 
UL141 + + 
ULlSO 
UL160 
UL167 
UL183 + + 
UL207 + + 
UL221 + + 
UL222 
UL224 + + 
Table 2. Strains of Pigeonpea Rhizobia Screened for Uptake Hydrogenase by the 
Methylene Blue Reduction Assay and Hybridization to the hup-DNA Probe 
Strain Methylene Blue DNA 
Reduction Hybridization Source 
I C3002 ICRISAT 
I C3100 + + 
I C3111 
I C3195 
I C3259 + + 
I C3267 + + 
I C3273 
IC3282 + 
IC3310 + + 
IC3342 
IC3376 
IC3417 
IC34 72 
IC3474 
IC3506 
IC3523 + + 
IC3561 
rAL112 7 + + NIFTAL 
rAL1132 + + 
Table 3. 
Strain 
IC6 
IC33 
IC53 
IC59 
IC65 
IC152 
IC127 
IC160 
IC161 
IC2002 
IC2016 
IC2020 
IC2021 
IC2046 
IC2080 
IC2094 
IC2105 
TAL480 
TAL620 
TAL1148 
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Strains of Chickpea Rhizobia Screened for Uptake Hydrogenase by the 
Methylene Blue Reduction Assay and Hybridization to the hup-DNA 
Probe 
Methylene Blue 
Reduction 
+ 
+ 
+ 
+ 
DNA 
Hybridization 
+ 
+ 
+ 
+ 
Source 
ICRISAT 
NIFTAL 
reduction method or by measuring hydrogen uptake activity for nodules produced by 
inoculating the plants with selected strains (Chapter IV), failed to show hybridization 
with the R. japonicum hup DNA probe. This indicates that hydrogen uptake genes are 
conserved among these rhizobia as opposed to the report indicating the occurrence of 
more than one type of Hup system within the endosymbiotic bacteria (Murillo et a!. 
1989) . The second Hup system may require different derepression conditions and may 
have gone undetected in these experiments. The strains 3623 and IC3282 which 
lacked MB reduction activity but showed hybridization with hup DNA, may be 
deficient in one or more of the essential hup genes. 
As there is a marked effect of the host plant on partial or complete 
suppression of uptake hydrogenase (Chapter IV), it seems difficult to screen the 
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rhizobia for the Hup trait by assaying the nodules formed by a large collection of 
rhizobia! strains on a great number of host cultivars. Therefore, screening rhizobia for 
the Hup+ phenotype by hybridization to a hup DNA probe is the method of choice. 
However, the report of diversity among hup genes of different strains of R. Lupinus 
(Murillo et al . 1989) necessitates that additional hup DNA probes from different Hup+ 
strains be cloned. Ex-planta derepression of rhizobia! strains of diverse species for 
uptake hydrogenase and its subsequent detection by the MB reduction assay as 
described in this chapter seems an appropriate alternative method. The notion that 
uptake hydrogenase activity is not expressed in free living cultures except of R. 
japonicum must be revised. 
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CHAPTER IV 
PHYSIOLOGICAL AND BIOCHEMICAL COMPARISONS AMONG WILD TYPE 
HUP", IJUP+ AND TRANSCONJUGANT HUP+ RHIZOBIUM STRAINS 
IN ALFALFA, CIDCKPEA AND PIGEONPEA 
Introduction 
Pigeonpea is one of the legume crops grown in tropical regions that constitute an 
important part of the human diet. It contains 19 to 28% of its dry weight as protein 
(Khan and Rachie 1972; Hernandez and Focht 1985). Pigeonpea ranks fifth in importance 
among the edible legume crops in the world and is one of the oldest food crops known 
to man (Morton 1976). In several tropical regions, particularly the Indo-Pakistan 
subcontinent, this crop is an economical source of protein. Current economic trends and 
statistical estimates of the Food and Agriculture Organization indicate that it will become 
an even more popular crop of the tropics. Due to its adaptability to a wide range of 
climatic and soil conditions, pigeonpea has the potential to become an even more 
important crop. Pigeonpea can grow well even without added fertilizer, provided that 
compatible and effective rhizobia! strains are present in the soil . The soil bacteria that 
nodulate this crop are defined loosely as Rhizobium species. These bacteria fix nitrogen 
in the nodules and the fixed nitrogen is transported to the plant's upper parts. Little 
information is available about the physiological and genetic characterization of rhizobia 
specific to pigeonpea. Application of rhizobia! inoculum to the pigeonpea in soils low in 
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mineral nitrogen has been reported to result in enhanced yields. La-Favre and Focht 
(1 983) have reported that more than 90% of the plant-derived nitrogen could come from 
symbiotic N2-fixation . Therefore, there is a need to improve the symbiotic characteristics 
of the rhirobia that nodulate pigeonpeas in order to enhance the productivity of this crop. 
Chickpea is the third most widely grown pulse crop in the world after soybean 
and peanut (Rettke and Keys 1985). It is of particular importance in human diets in the 
Indo-Pakistan subcontinent, western Asia, the Mediterranean region and Mexico. The 
Indo-Pakistan subcontinent accounts for about three quarters of the world ' s production. 
It is also used extensively for livestock feeding in Mexico. There is a rapidly developing 
market in the United States of America for Kabuli seed of chickpea. Its protein content 
is about 20%. Despite the fact the chickpea is the major winter legume food crop of 
India, its productivity is very low and has been reported to fluctuate around 600 kg ha·1 
(Naidu et a!. 1988). 
The hydrogen uptake (Hup) system is considered to be a desirable characteristic 
as it is likely to enhance biological nitrogen fixation by recycling the H2 evolved from 
nitrogenases of all leguminous root nodules. Most of the studies about this system, 
however, have been limited toR. japonicum and R. leguminosarum. To my knowledge, 
Hup activity has not been identified in the rhirobial species that nodulate chickpeas or 
pigeonpea and very little information is available about the Hup system of R. meliloti, 
which colonizes alfalfa. Therefore, I screened a collection of strains of these three 
Rhizobium species for hup genes by colony hybridization with the structural genes for 
uptake hydrogenase from R. japonicum and examined ex-planta expression of Hup 
activity in free living derepressed cultures by the MB reduction assay as described in 
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Chapter III. It was found that 30% of the R. meliloti strains tested were Hup+, whereas 
30 % of the chickpea-Rhizobium and 21% of the pigeonpea-Rhizobium strains tested were 
Hup +, as determined by the MB reduction assay. Further objectives were then to 
determine host cultivar effect on the symbiotic expression of Hup systems of these 
rhizobia! species and to explore the relationships among uptake hydrogenase activity, H2 
evolution , the acetylene reduction activity of nitrogenase, the relative efficiency of N2-
fixation, nodulation and yield. 
Materials and Methods 
Chemicals 
Antibiotics were obtained from Sigma Chemical Co. Foto flo , used as a wetting 
agent for the H2 electrode, was obtained from Kodak. All other chemicals were reagent 
grade. 
Plant materials 
Three cultivars of alfalfa were chosen from the seed collection of the Stress 
Physiology laboratory of the Plants, Soils and Biometeorology department at Utah State 
University, on the basis of their performance in a previously conducted study (Al-Niemi 
et a!. 1991 , personal communication) in which 'Regen-S,' 'Southern special' and 
'Spredor 2' had demonstrated low, moderate and high yield responses (shoot dry weight 
per plant) to salinity stress (132 mM NaCl). The three chickpea cultivars, 'BEG482, ' 
'CPS!' and ' ICC4958', and the three pigeonpea cultivars, 'ICPLl ,' ' ICPL87' and 
'ICPL152' were randomly chosen from a collection of cultivars obtained from 
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International Center for Research in Semi-Arid Tropics (ICRISAn. 
Rhizobia! strains 
The strains used as inocula were selected on the basis of their Hup status as 
determined by their response to hybridization with hup DNA as well as in the MB 
reduction assay. Five Hup+ and 5 Hup· strains of R. meliloti were selected randomly. All 
of the four available Hup+ strains of chickpea Rhizobium species were used and 6 Hup· 
strains of this species were randomly chosen. Six Hup+ and 5 Hup· strains of pigeonpea-
Rhizobium were chosen randomly. One of the Hup· strains of each Rhizobium species was 
selected randomly for transconjugation, and the transconjugant Hup+ strains were also 
used as inoculum. The strains used for the three crop species are listed in Table 4. 
Table 4. Strains of Rhizobium meliloti and of Chickpea- and Pigeonpea- Rhizobium 
Used to Inoculate Alfalfa, Chickpea and Pigeonpea Plants 
Alfalfa Chickpea Pigeonpea 
Hup Hup Hup 
(+/-) (+/-) (+/-) 
CmRmZ, + IC6 IC3002 
UL61 + IC6(pHU52) + IC3002(pHU52) + 
1158 + IC127 + IC3100 + 
102F51 + IC160 IC3195 
UL222 IC161 + IC3259 + 
UL222(pHU52) + IC2002 + IC3273 
USDA1024 + IC2016 IC3310 + 
USDA1025 IC2080 + IC3342 
USDA1028 IC2094 IC3417 
USDA1030 TAL480 IC3523 + 
USDA1113 TAL620 TAL1127 + 
TAL1132 + 
Bacterial matings 
One Hup· strain each of R. meliloti (UL222), chickpea- (IC6), and pigeonpea-
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Rhizobium (IC3002) was chosen for the development of an antibiotic-resistant mutant. A 
procedure obtained from Dr. B. Bohlool (NIFfAL, University of Hawaii) was used for 
this purpose and is described here. A 100 I'L aliquot of each of the fully saturated 
suspension cultures was spread on TY medium (containing L·': Bacto tryptone, 0.8 g; 
Bacto yeast extract, 5 g; NaC1, 5 g; [pH 7.5]) containing 40 l'g mL·' streptomycin sulfate 
and grown for 3 days in the case of R. meliloti or 8 days in the case of the chickpea- and 
pigeonpea- Rhizobium species. Serial dilutions were spread on the control plates (minus 
streptomycin) . Independent colonies so obtained were streak-cloned on YMA slants 
without streptomycin. The colonies so obtained were then streaked on YMA plates 
containing 40 l'g mL·' streptomycin to verify their streptomycin resistance. Streptomycin 
resistant mutants were maintained on YMA plates containing 40 l'g mL·' streptomycin 
at 4°C . E. coli cultures HB101(pHU52) and HB101(pRK2013) were grown at 37°C on 
LB medium containing tetracycline hydrochloride (20 l'g ml-1) and kanamycin sulfate (50 
l'g ml-1), respectively . 
The cosmid pHU52, containing the hydrogen uptake genes of R. japonicum, was 
transferred from E. coli to Hup· strains of R. meliloti and chickpea- and pigeonpea-
Rhizobia by the triparental mating system of Ditta et al . (1980) with a few changes. The 
donor, HB101(pHU52), the helper, HB101(pRK2013), and the recipient cells were 
thoroughly mixed in a 1: 1: 1 ratio at a cell density of approximately 5 X Hf cells mL·' . 
Serial dilutions of the culture of the recipient Rhizobium strain were also spread on the 
YMA plates to determine the number of cells being used in the transconjugation. A 5 J'L 
aliquot of this mixture was collected onto a sterile membrane filter (25 mm diameter, 
0.45 I'm pore size, Gelman Sciences Inc.) and incubated on YMA plates at 28°C for 2 
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days. The cells were then suspended in 0.2 mL sterile water by vortexing, and dilutions 
were spread onto the YMA plates containing both tetracycline hydrochloride (20 p.g mL·') 
and streptomycin sulfate (40 p.g mL·') . 
The tetracycline resistant Rhizobium colonies so obtained were subjected to 
derepression for uptake hydrogenase, as described in Chapter III. All tetracycline 
resistant colonies tested were found to be capable of reducing methylene blue. The 
transconjugant Hup+ Rhizobium strains were maintained on YMA plates containing 
tetracycline. 
Inoculum preparation 
Rhizobia were maintained on YMA. Inoculum was prepared by growing the 
Rhizobium in 500 mL flasks containing 150 mL of yeast-extract mannitol broth (YMB, 
which was the same as YMA except that agar was omitted) on a rotary shaker at a speed 
of 200 rpm for 3 to 7 days at a temperature of 28°C. The bacterial culture thus obtained 
was diluted to obtain an absorbance of 0.7 (540 nm) to be used as inoculum. 
Surface sterilization of seeds 
Seeds of alfalfa, chickpea and pigeonpea were surface sterilized by quickly rinsing 
with 95% ethanol to remove the waxy material and any trapped air bubbles. They were 
then completely immersed in a 3% calcium hypochlorite solution prepared in sterile 
dis:illed water. After five minutes, they were rinsed thoroughly 5 to 6 times with sterile 
wa:er and refrigerated for 3 hours in sterile distilled water. They were again rinsed twice 
and plated onto 0. 75% water agar in Petri dishes and incubated in the dark for 2 to 3 
days at 28°C. The alfalfa seed germination plates were inverted during incubation to 
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obtain straight radicles, which facilitate the subsequent handling and transplanting of the 
seedlings. Because of their large size, chickpea and pigeonpea seed germination plates 
were incubated without inversion. The germination rate of alfalfa and chickpea seeds was 
95% under these conditions. Because of the large size and thick seed coat, pigeon pea 
seeds were initially treated with concentrated sulfuric acid to surface sterilize and to 
scarify them at the same time (Somasegaran and Hoben 1985). However, the germination 
rate obtained was very low (5%). Therefore, pigeonpea seeds were sterilized in the same 
way as the alfalfa and chickpea seeds and germination rate improved to 95% . 
Plant growth and husbandry 
Autoclavable polycarbonate containers (3" X 3" X 4" tall; GA7 vessels from 
Magenta Corporation) were used to grow the alfalfa and pigeonpea plants while chickpea 
plants were grown in 'conetainers' (Stuewe and Sons, Inc.). A 3 mm hole was drilled 
at the bottom of the containers to aid the drainage of excessive nutrient solution and help 
prevent water logging and oxygen depletion in the rhizosphere. Coarse grade vermiculite 
(fera Lite) was soaked in water overnight and then washed three times in deionized 
distilled water before it was placed into the containers. The containers with lids were 
autoclaved for 3 h at 12l"C and 15psi. The 'conetainers' were surface sterilized by 
immersing them in 3% sodium hypochlorite overnight and then rinsing them with sterile 
water before autoclaved vermiculite was placed in them. Two germinated seedlings were 
planted in each container and at the time of plant emergence, each container was 
inoculated with 6 mL of an appropriate Rhizobium inoculum. Plants were thinned to one 
per container three days after inoculation. They were regularly irrigated with N-free 
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nutrient solution (Kapulink and Phillips 1986) composed of 2 mM CaSO, , 1 mM K2S04 , 
0.1 mM K2HP04 , 2 mM MgS04 , 4 ~tM CoC12 and 18.7 mg L-1 sequesterene 138 iron 
chelate (courtesy of Ciba Giegy) supplemented with micronutrient solution composed of 
24.3 ~tM CuSO,, 0.35 ~tM ZnSO,, 0. 15 ~tM NaMoO, and 5 ~tM NiC12• NiC12 was added 
as it has been reported to be an integral component of uptake hydrogenase (Stults et al . 
1984, 1986). 
The frequency of irrigating the plants was adjusted so as to keep the vermiculite 
moist while still allowing a minimum loss of nutrient solution from the bottoms of the 
containers, thus , minimizing the loss of rhizobia! cells. Lateral contamination among the 
containers, via drained solution, was prevented by elevating the containers on plastic 
racks so that the solution would drop from the containers without moving along the 
bottoms of adjacent containers, which were spaced four inches apart . The 'conetainers' 
were placed, approximately two inches apart, in a rack so that their bottoms hung freely. 
Although provision for drainage of excessive nutrient solution through the bottom of the 
containers demanded more frequent irrigation, it maintained adequate aeration and 
alleviated salt build-up and water logging. Containers for each crop species were 
arranged in a completely randomized design. Six replicate containers each were used for 
-Nand + N controls for each plant species. These controls did not receive any Rhizobium 
inoculum, but the +N controls received 70 ppm nitrogen in the form of 0.05% KN03 
(Somasegaran and Hoben 1985) in the otherwise N-free solution described above. Alfalfa 
plants were grown in the greenhouse at a day/night and temperature regime of 14/10 h 
and 22/18°C, respectively. Chickpea and pigeon pea plants were grown in separate 
Conviron controlled environmental chambers maintained at a day/night and temperature 
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regime of 14/10 h and 23/21°C, respectively. Chickpea and pigeonpea plants were 
harvested six weeks post-inoculation and alfalfa plants were harvested 10 weeks after 
inoculation. 
Physiological assays 
Three plants of each treatment were each used for measurement of Hz evolution 
and then for CzHz reduction assays and the other three plants were each used for 
measurement of uptake hydrogenase activity. 
Measurement of H2 evolution 
For chickpea and pigeonpea plants, nodules with attached root segments (lOmm) 
were detached from the root system of each nodulated plant and enclosed in a syringe. 
In the case of alfalfa plants, the entire root system was placed in a syringe as the nodules 
were too small and numerous to be detached without causing damage to the nodules. The 
needle of the syringe was pushed into a rubber septum to provide an air-tight 
environment in which to incubate the nodules under Nz fixing conditions for 30 min and 
allow Hz evolution in the incubation atmosphere. The gas from the syringe was collected 
in a 4 cc vacutainer (Becton Dickinson), which was stored for a few hours before Hz was 
measured amperometrically (Hanus et a!. 1980; Wang 1980). For this purpose, the 
electrode (equipped with an '0' ring) was placed into one end of a tube which also 
received one of the outlets of a three way syringe receptacle as shown in Figure 5. In one 
of the two remaining outlets of this receptacle, an air tight syringe was placed and, in 
the other, a wide bore needle that was used to pierce through the vacutainer containing 
the Hz gas samples to be measured. The polarizing device was constructed by Robert 
Figure 5. 
'0' Ring D-o Polarizer Ammeter 
The probe-polarizer-ammeter assembly. The vacutainer containing the gas sample is installed as shown and the 
gas sample from it is drawn into the gas tight syringe and then released two to three times to make contact with 
the probe. 
o-
Vl 
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Wood (Department of Chemistry and Biochemistry, Utah State University) as described 
by Hanus et al. (1980). The probe-polarizer assembly was hooked to a picoammeter 
(model 480, Keithley Instruments). The probe (Clark type electrode, Yellow Springs 
Instruments Co.) was first used as an 0 2 probe for 24 hours by polarizing the platinum 
electrode at -0.8 V versus the reference, which was a Ag/AgCl electrode, to deposit 
AgCI on the Ag wire. The polarity was then reversed and adjusted to 0.6 V, and the 
probe was repeatedly treated with pure hydrogen gas followed by flushing with air until 
the current output reached approximately 4000-5000 nA in the presence of pure H2 gas. 
However, the sensitivity of the probe for H2 detection decreased considerably after 
extended use. Therefore, the membrane (high sensitivity membrane, model 5776, YSD 
was replaced daily. One-half saturated solution of KCI (prepared by dissolving 5.25 gm 
KCI and 62.5 JLL 'foto flo' as a wetting agent, in 35 mL H20) was used to flush the 
probe and to provide a thin film of solution between the membrane and the electrode. 
The probe was standardized by exposing it to 1% H2, and the H2 evolved by the nodules 
was quantified and expressed in JLMoles H2 gm·' h·' in the case of chickpea and 
pigeonpea plants and in JLM H2 planr' h·' in the case of alfalfa plants. 
An Example of Quantifying H2 Using the H2 Electrode 
A standard mixture containing I% H2 gas was prepared in a 4cc vacutainer at a 
temperature of 23•c (296°K) and a pressure of 646 mm Hg (Logan, Utah). Thus, volume 
of the H2 gas in the vacutainer at standard temperature and pressure (STP) will be 
calculated as: 
1 cc/100 cc X 4 cc X 6461760 X 273°/296 = 0.03135 cc = 31.3 JLL [1] 
Since 1 ILM of any gas maintained at STP occupies 22.4 ILL, thus, 
31.3 ILL = 1.397 ILM H2 
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[2] 
Given that upon standardization with 1% H2 , the probe produced 50 nA current, 
the current produced by 1.37 ILM H2 will be calculated as: 
1.397 ILM/ 50 nA = 27.94 nM/nA. [3] 
Given that a sample of nodules weighing 200 mg incubated for 15 min in air gave 
20 nA of current. H2 evolved by this sample will be calculated as follows: 
20 nA X 27.94 nM/nA X 60 min/15 min X 1 g/0.2 g = 11.171LM H2 g·'h·' . [4] 
Given that total incubation volume of nodules (200 mg) of a sample was 5 cc, 
thus the headspace will be 4.8 cc (density of nodules is 1 g cc·'), out of which 4 cc was 
saved in the vacutainer, the necessary correction was made for samples by multiplying 
the activity obtained as above with volume of headspace for the sample /4 cc. Thus, the 
above sample will be corrected as follows: 
11.17 ILM H2 g·' h"1 X 4.8 cc/4 cc = 14.04 ILM H2 g·' h·'. [5] 
In the case of alfalfa, however, the activity was expressed in ILM H2 planr' h·' as 
the intact root system was incubated to perform the assays. 
Acetylene reduction assay 
Either the intact root system (in the case of alfalfa plants) or detached nodules 
from each plant (in the case of chickpea and pigeonpea plants) were enclosed in a 
syringe, as for H2 measurement, and acetylene was drawn into the syringe to make 1% 
(v/v) of the headspace. Tissues were incubated for 20 minutes at room temperature with 
occasional shaking to ensure proper contact of nodules with the gas. The gas from the 
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syringe was then collected into vacutainers that were then stored until the ethylene was 
quantified by gas chromatography. An ethylene gas mixture (0.01 %) was used as a 
standard. A Hewlett Packard gas chromatograph, model 5880A, equipped with a flame 
ionization detector and a 1.8 m long, 2 mm inside diameter stainless steel column 
(100/120 mesh, Porapak N) was used. Nitrogen gas as the carrier at a flow rate of 30 
cc min·', an oven temperature of 60"C, injector temperature of 22SOC and detector 
temperature of 200"C were used. 
Uptake hydrogenase assay 
The nodules or intact root system of the plants were incubated in the presence of 
5% C2H2 for 5 min and then, H2 gas was added to the incubation environment to a final 
concentration of 5%. After incubation for 30 min, the gas samples were stored in 
vacutainers for a few hours and the hydrogen uptake activity measured by the 
disappearance of H2 gas using the ammeter described above. 
Statistical analysis 
The statistical analyses of symbiotic parameters were performed using 'minitab' 
with the assistance of Dr. Don V. Sisson of the Utah Agricultural Experiment Station. 
Results and Discussion 
Different experiments were conducted to compare the effect of several wild type 
Hup· and Hup+ strains and of a transconjugant Hup+ strain of each of R. meliloti, 
chickpea- and pigeonpea-Rhizobium on symbiotic parameters. In each experiment, three 
cultivars of the three plant species in combination with the species-specific strains were 
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tested for nodule fresh weight, shoot and root dry weights , H2 evolution, C2H2 reduction, 
uptake hydrogenase activity and relative efficiency of nitrogen fixation. The relative 
efficiency of Nr fixation was calculated as defined by Schubert et al. ( 1977): 
RE = 1 - (H2 evolved in air I C2H2 reduced). [6] 
As acetylene inhibits nitrogen reduction as well as evolution of hydrogen by 
nitrogenase, acetylene reduction gives a measure of the total electron flux through the 
nitrogenase complex. H2 evolution in air gives a measure of the amount of electron flux 
and energy flow that is utilized in proton reduction as if in in vivo physiological 
conditions. In the absence of an active uptake hydrogenase, the relative efficiency 
calculated as above, therefore, gives a measure of the proportion of the electron flux 
through the nitrogenase complex that is actually available for the reduction of molecular 
N2 in vivo. However, in the presence of a Hup system, the RE value tends to over-
estimate the proportion of electrons allocated to N2• 
As a time-dependent-inhibition of uptake hydrogenase by acetylene has been 
reported in several nitrogen fixing microorganisms (Winship et al. 1987; Sellstedt and 
Winship 1990) , three replications of each treatment (cultivar X strain) were selected for 
measurement of nitrogenase activities (H2 evolution and C2H2 reduction) and the other 
three replications for uptake hydrogenase assays rather than sequentially subjecting each 
treatment to all three enzyme assays. Also, intact nodules were used for Hup assays 
rather than bacteroid preparations due to the reported protection from acetylene of uptake 
hydrogenase by the membranes, metabolites, lipids or metalloproteins in nodules 
(Sellstedt and Winship 1990), as acetylene has to be added in the incubation mixture to 
prevent H2 evolution from nitrogenase. 
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Medicago sativa (L.)-R. meliloti symbioses 
The results of the experiment involving the alfalfa-R. meliloti symbioses are given 
in the Tables 5-9 and and Figures 6-8. All Rhizobium strains successfully nodulated each 
of the three alfalfa cultivars used. The group of wild type Hup+ strains of R. meliloti 
produced significantly higher shoot and root dry weights in all the symbioses when 
contrasted to the group of all Hup· strains of this Rhizobium species (Tables 8-9). Plant 
yields (shoot and root dry weights) were also highly significantly affected by the 
Rhizobium strain, plant genotype and plant genotype X strain interaction (Table 8). 
Significant differences in shoot and root weights were also observed between the +Nand 
-N control plants and between the + N control plants and those inoculated with Rhizobium 
strains (Table 5). The biomass produced by each of the alfalfa-Rhizobium symbioses was 
significantly less than that of the + N control plants. This may not be attributed to the 
general inefficiency of the symbiotic N2-fixation system as compared to the use of 
chemical N-fertilizer as the latter is not constantly applied throughout the growth period 
of the crop in the field due to its high cost and, therefore, should not be expected to 
produce the same results in the field . 
The assays for H2 evolution and acetylene reduction activities of nitrogenase and 
those for uptake hydrogenase activities were performed on the intact root systems 
detached from the alfalfa plant tops. The net H2 loss from the nodules of each of the 
cultivars inoculated with the wild type Hup+ strains, as a group, was significantly less 
than that from plants inoculated with the Hup· strains (Tables 8 and 9). Total nitrogenase 
activity (TN A, as measured by the acetylene reduction assay) was significantly higher in 
the group of the wild type Hup+ strains as compared to that of the Hup· strains for each 
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Table 5 . Shoot and Root Dry Weights of Symbiotic Combinations between Several 
Wild Type Hup·, Hup+ and Transconjugant Hup+ Rhizobium meliloti 
Strains and Alfalfa Cultivars 
Cultivar strain Hup Shoot DW Root DW 
(+/-) (lllg plant· ) 
Regen-s CmRmZ 3 + 567 854 
UL61 + 383 527 
ll5B + 329 464 
102F51 + 397 560 
UL222 314 419 
UL222(pHU52) + 285 374 
USDA1024 + 526 724 
USDA1025 352 491 
USDA1028 346 436 
USDA1030 491 703 
USDA1ll3 319 431 
+ N control 935 1308 
- N control 49 66 
Mean 407 566 
spredo r 2 CmRrnZ 3 + 781 965 
UL61 + 432 591 
ll5B + 393 527 
102F51 + 460 641 
UL222 422 567 
UL222(pHU52) + 475 658 
USDA1024 + 671 928 
USDA1025 390 552 
USDA1028 3ll 412 
USDA1030 409 560 
USDAll13 364 500 
+ N control 1013 1425 
- N control 7l 93 
Mean 476 648 
So uthern CmRrnZ3 + 923 1293 
spec i a l UL61 + 481 684 
ll5B + 461 614 
102F51 + 559 818 
UL222 453 643 
UL222(pHU52) + 487 625 
USDA1024 + 846 lll3 
USDA1025 472 680 
USDA1028 460 595 
USDA1030 653 937 
USDAll13 416 558 
+ N control 1293 1768 
- N control 76 107 
Mean 583 803 
LSD 
Cultiv ar 18 . 26 26 . 26 
Strain X Cultivar 65.86 94. 7l 
standard error of means 23 .40 33.65 
Abbrev iatio ns: Hup, hydrogen uptake (+/-) status of Rhizobium strains, as 
determined on the basis of their response to hybridization with the hup 
structural genes of R. japonicum and to the methylene blue reduction assay 
subsequent to derepression for uptake hydrogenase as described in Chapter 
III. 
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of the three cultivars. The group of symbioses involving the wild type Hup• strains had 
a significantly higher relative efficiency than that involving the Hup· strains in each of 
the cultivars. Acetylene reduction activity of nitrogenase was significantly affected by the 
strain and the strain X plant genotype interaction but the plant genotype had no effect on 
it (Table 8). H2 evolution, however, was significantly affected by the Rhizobium strain, 
plant genotype and the genotype X strain interaction, as was the relative efficiency of N2-
fixation . 
Relative efficiency of the Hup· strains varied from 0.29 to 0.64 (Table 6), 
indicating that about 36 to 71% of the energy was lost in H2 evolution in these strains. 
Relative efficiency of the wild type Hup• strains ranged from 0.61 to 1.00. This suggests 
that some of the Hup• strains were capable of recycling all the H2 evolved from their 
nitrogenases, whereas others were relatively inefficient in H2 oxidation. Only one strain 
of R. meliloti, USDA1024, had a relative efficiency of 1.00 when used to nodulate any 
of the three alfalfa cultivars and did not evolve any net H2 from the nodules incubated 
in air. Although H2 uptake activity of this strain was affected by the plant genotype, it 
was the highest among the wild type or transconjugant Hup• strains. Southern special 
cultivar of alfalfa was most inhibitory to the expression or function of the uptake 
hydrogenase of the USDA1024, whereas Spredor 2 was found to be most permissive 
(Table 6). As no net H2 evolution was observed in any of the cultivars inoculated with 
the USDA1024, the degree of effect of cultivar on Hup activity does not seem to be 
critical for this strain. The pattern of host cultivar effect on the expression of the Hup 
activity was variable among the Hup• strains (Figure 8). This indicates that Hup activity 
is influenced by both of the symbiotic partners. 
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Table 6. Hydrogen Evolution, Acetylene Reduction, Hup Activity and Relative 
Efficiency of Nodules of Three Cultivars of Alfalfa Formed by Several 
Wild Type Hup·, Hup+ and Transconjugant Hup+ Rhizobium meliloti 
Strains 
Cu1tivar strain 
Regen-s cmRJDZ3 
Mean 
UL61 
1158 
102F51 
UL222 
UL222 (pBU52) 
USDA1024 
USDA1025 
USDA1028 
USDA1030 
USDA1113 
Spredor 2 ClllRIII.Z3 
Mean 
UL61 
1158 
102F51 
UL222 
UL222(pBU52) 
USDA1024 
USDA1025 
USDA1028 
USDA1030 
USDA1113 
Southern cmR.m.Z3 
specia1 UL61 
Mean 
LSD 
Cultivar 
1158 
102F51 
UL222 
UL222(pBU52) 
USDA1024 
USDA1025 
USDA1028 
USDA1030 
USDA1113 
strain X Cultivar 
Standard error of means 
Bup Hz eYolutioD All 
(+/-) 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
act~T~ty (,..X plant"' h 4 ) 
0.56 
0.68 
0.93 
0.65 
1.62 
1.54 
0.00 
0.86 
1.28 
0.77 
1.35 
0.93 
0.04 
0.59 
0.55 
0.27 
1.83 
1. 71 
o.oo 
0.64 
1.66 
0.59 
0.82 
0.19 
0.29 
0.31 
1.35 
0.87 
0.71 
0.78 
0.00 
0.75 
1.33 
1.28 
1.98 
0.88 
0.765 
0.253 
0.091 
4.04 
4.11 
4.00 
2.82 
2.27 
2.32 
3.56 
1.87 
2.75 
1.45 
2.21 
2.85 
5.43 
2.96 
4.29 
1.07 
2.70 
2.84 
3.90 
1.38 
4.38 
1.44 
1. 72 
2.92 
3.07 
1. 78 
5.60 
2.27 
1.03 
1.11 
4.69 
1.32 
2.48 
3.55 
2.97 
2.72 
0.259 
0.859 
0.306 
Bup 
0.38 
1.14 
0.65 
0.00 
0.00 
0.13 
5.30 
0.00 
0.00 
o.oo 
o.oo 
0.69 
5.67 
1.27 
0.89 
0.49 
0.00 
0.06 
6.86 
0.00 
o.oo 
0.00 
o.oo 
1.39 
2.05 
0.87 
0.47 
0.26 
o.oo 
o.oo 
2.86 
o.oo 
0.00 
0.00 
o.oo 
0.59 
0.199 
0.265 
0.093 
RB 
0.86 
0.83 
0.69 
o. 78 
0.29 
0.33 
1.00 
0.54 
0.54 
0.47 
0.39 
0.61 
0.99 
0.19 
0.87 
0.76 
0.32 
0.40 
1.00 
0.53 
0.62 
0.59 
0.53 
0.67 
0.90 
0.82 
0. 76 
0.61 
0.32 
0.29 
1.00 
0.43 
0.45 
0.64 
0.33 
0.60 
0.035 
0.117 
0.041 
Abbreviations: Hup, hydrogen uptake (+/-) status of Rhizobium strains, as 
determined on the basis of their response to hybridization with the hup 
structural genes of R. japonicum and to the methylene blue reduction assay 
subsequent to derepression for uptake hydrogenase as described in Chapter 
III, AR, acetylene reduction, RE, relative efficiency, as defined in 
results and discussion. 
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Table 7. 
Strain 
CmRmZ3 
UL61 
1158 
102F51 
UL222 
UL222(pHU5 2) 
USDA1024 
USDA1025 
USDA1028 
USDA1030 
USDA1113 
LSD 
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Means of Shoot and Root Dry Weights, H2 Evolution, Acetylene 
Reduction Activity, Relative Efficiency and the Hydrogen Uptake Activity 
of Several R. meliloti Strains in Symbiosis with Three Alfalfa Cultivars 
Bup shoot DW 
+/-
Root DW B2 ARA' 
+ 
+ 
+ 
+ 
+ 
+ 
(mg plant·'> 
756. 9' 
431. 9' 
394 . 4'" 
471.9' 
396 . 0'" 
415.4' 
681. 0' 
404.2 ' 
372.4 .. 
517. 6. 
366.2' 
38.02 
1037 . 5' 
600 . 3' 
535. 2"' 
673. 3' 
542.9 .. 
552 .3'' 
921.4' 
574. 3'' 
481. o• 
733. 2. 
496.3" 
54.68 
evolution 
0.29' 
0.53. 
0.94' 
0.59. 
1. 39' 
1 . 34' 
o.oo' 
0. 75' 
1. 43' 
0.88"' 
1. 39' 
0.146 
4.18'' 
2.95' 
4. 63' 
2.o5• 
1.99"' 
2.09. 
4.05' 
1. 52' 
3 . 20' 
2 .15. 
2. 29. 
0.496 
RE 
0.92' 
0.81' 
0.77"" 
o. n• 
0.31' 
0.34' 
1.00' 
0.50' 
o. 54'' 
0.57' 
0 . 42' 
0.067 
Bup 
2. 69' 
1.09' 
0. 67. 
0.25' 
o.oo' 
0.06' 
5. 01' 
o.oo' 
o.oo' 
o.oo' 
o. oo' 
0.153 
The means followed by the same letters are not significantly different , in 
the same column. 
* The enzyme activities are expressed in uM plant·• h"1 • 
Hup, hydrogen uptake (+/-) status of Rhizobium strains, as determined on 
the basis of their response to hybridization with hup structural genes of 
R. j aponi cum and to methylene blue reduction assay s ubsequent to 
derepression for uptake hydrogenase as described in Chapter III. 
Table 8. Analysis of Variance for Shoot and Root Dry Weights, H2 Evolution, Acetylene 
Reduction Activity, Hydrogen Uptake Activity and Relative Efficiency of Medicago 
sativa (L.)-Rhizobium meliloti Symbioses Involving 3 Cultivars and 11 Strains 
Source of 
variation 
D.F 
Cultivar (C) 2 
Strain (S) 10 
Contrast A 1 
C X S 20 
Contrast B 
Contrast C 
Contrast D 
Error-A 
Error-B 
165 
66 
Shoot DW Root DW 
61343!r ~--n26798 
1051109- 2037619-
33029- 1590581-
25341- 42721-
86882- 251791-
426154- 677737-
399773- 739005-
3286 6796 
Mean squares 
H2 evolution ARA 
0.162 0.362 
2.127- 9. 915-
10.835- 40.381-
0.424- 2. 723-
2 .8 35- 19.145-
5.021- 10.806-
3.157- 11.048-
0.0246 0.282 
*: Significant at P = 0.05 **: Significant at P = 0.01 
Hup RE 
6.183 o~o5-
22.828- 0.48-
85. 150- 3.19-
2.836- 0.01" 
16.786- 1.11-
69.210- 0.98-
11.707- 1.10-
0.026 0.0052 
Contrast A: The group of all wild type Hup ~ strains of R. meliloti was contrasted to that of all Hup· strains 
in terms of the means of three cultivars for the symbiotic parameters indicated. 
Contrast B: The group of symbioses each involving alfalfa cultivar Regen-S and the Hup~ strains of R. meliloti 
was contrasted to that involving the Hup· strains. 
Contrast C: The group of symbioses each involving alfalfa cultivar Spreader 2 and the Hup ~ strains of R.~ 
was contrasted to that involving the Hup strains. 
Contrast 0 : The group of symbioses each involving alfalfa cultivar Southern special and the Hup• strains of R. 
meliloti was contrasted to that involving the Hup strains. 
Error A and B: Six replications were used for the shoot and root OW analysis and 3 replications for the enzyme 
activities and RE, as described in the result s and discussion. 
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Table 9. 
Cultivar 
Regen-s 
spredor 2 
Southern 
special 
Cultivars 
Mean 
79 
Means of Symbiotic Parameters as Compared between the Groups of 
Symbioses Involving the Hup+ and Those Involving the Hup· Strains of 
R. meliloti 
Symbiotic parameter 
Shoot ow-
Root ow-
H2 e volution -
Acetylene reduction 
activity -
Hup activity-
Relative efficiency -
Shoot ow-
Root Ow'" 
H2 evolution -
Acetylene reduction 
activity -
Hup activity-
Relative efficiency -
Shoot ow-
Root ow-
H2 evolution -
Acetylene reduction 
activity -
Hup activity-
Relative efficiency 
Shoot Ow'" 
Root Ow'" 
H2 evolution-
Acetylene reduction 
activity-
-
Hup activity-
Relative efficiency-
Strains 
Hup Hup· 
440 364 
625 496 
0.56 1.17 
3 . 70 2.10 
1.49 0.00 
0.83 0.45 
547 378 
730 518 
0.29 1.10 
3.53 2.32 
3.03 0.00 
0.88 0.52 
654 490 
904 682 
0.56 1. 21 
3 . 48 2.26 
1.25 0.00 
0.82 0.43 
547 411 
753 565 
0.47 1.16 
3.57 2.23 
1.94 0.00 
0.84 0.46 
**: The symbiotic parameters showing significant difference (P < 0.01) 
between the group of symbioses involving the Hup+ and that involving the 
Hup· strains of R. meliloti. 
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H2 evolution from nodules of alfalfa plants inoculated with other Hup· and Hup+ 
strains varied from 0.27 to l.98JLM H2 planr'h·' , whereas H2 oxidation catalysed by the 
strain USDA1024 ranged from 2.86JLM H2 planr'h·' (with the cultivar Southern special) 
to 6.86 JLM H2 planr1h"1 (with Spredor 2). Although it is difficult to generalize, the H2 
uptake activity in the nodules produced by USDA1024 is much higher than needed to 
recycle the H2 evolved from nodules produced by any of the other strains included in this 
study. As no strain of R. meliloti has been previously reported to possess a functionally 
active Hup system , USDA1024 may be a suitable source from which to isolate hup genes 
for genetic strain improvement. This is appropriate also because the uptake hydrogenase 
of USDA1024 was active in all three alfalfa cultivars used, although there were 
differences in activity levels among cultivars. 
Strain USDA1024 had the highest relative efficiency (1.00) among all the strains 
included in this study and it produced one of the largest shoot weights (Table 5). Higher 
plant yield produced by this strain cannot be attributed to its higher relative efficiency 
alone, as other strains which showed lower relative efficiencies (such as symbioses 
involving strain CmRm~, mean RE = 0.92) had even higher plant yield. Similarly, 
symbioses involving the strain 115B had a mean RE of 0.77, but the yield was 
significantly reduced and was significantly lower than even some of the Hup· strains such 
as USDA1025 (mean RE = 0.48) and USDA1030 (mean RE = 0.57). Strain CmRm~ 
also possessed a highly active Hup system but failed to recycle all the H2 lost from its 
nitrogenase. It produced higher yield with all the cultivars tested than any other strain, 
but had a mean relative efficiency lower than USDA1024 due to its inability to recycle 
H2• It may also be noted that the wild type Hup+ strains, as a group, produced 
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significantly higher shoot and root dry weights in contrast to the group of the Hup· 
strains , although each Hup+ strain did not produce a higher plant yield than every Hup· 
strain. Thus, high yield can be attributed to a combination of symbiotic factors 
contributed by the strain and plant genotype rather than to the Hup phenotype alone. 
When cosmid borne hup genes were transferred from E. coli into the R. meliloti 
strain UL222 and the transconjugant strain used to inoculate the three alfalfa cultivars, 
the nodules produced were capable of oxidizing extraneously added H2 in the cultivars 
Regen-S and Spredor 2 but not in Southern special. The amount of hydrogenase activity 
was very low and the relative efficiency as well as the acetylene reduction activity were 
almost unaffected in each of the symbioses. Similarly there was no significant effect of 
plasmid transfer on any component of plant yield. Poor expression of the R. japonicum 
Hup system in R. meliloti may be explained by the fact that alfalfa cultivars that are 
nodulated by the fast growing Rhizobium species may not possess the biochemical factors 
necessary for expression or activation of the uptake hydrogenase of R. japonicum, which 
is classified as a slow growing species. Such divergence has been recently demonstrated 
in R. japonicum by Minamisawa (1990), who divided the strains of this species into two 
distinct genotypes based on the homology of the nifDKE genes. He noticed that the Hup 
trait was exclusively confined to one group of strains that were also characterized as 
producing a specific type of exopolysaccharide (A EPS) and lacking rhizobitoxine, a 
toxin that causes chlorosis in soybean plants. Although the R. japonicum Hup system 
apparently failed to function actively in R. meliloti, the Hup system of at least some of 
the strains of R. meliloti such as USDA1024 may be a promising source for genetic 
characterization and transfer into other strains selected as inocula for alfalfa. 
82 
Cicer arietinum (L.)-Rhizobium symbioses 
The results of experiments involving chickpea-Rhizobium symbioses are given in 
the Tables 10-14 and Figures 9-11. Nodulation was found to be affected by the 
Rhizobium strain, cultivar and the Rhizobium X cultivar interaction. All of the chickpea-
Rhizobium strains except the strain TC6, which failed to nodulate cultivar ICCV4958 , 
successfully nodulated each of the three cultivars. The symbiosis IC6-ICCV4958, 
therefore, was not included in the statistical contrasts. Shoot and root dry weights were 
each affected significantly by the Rhizobium strain, the plant genotype and the Rhizobium 
X plant genotype interaction (Table 13). Significant differences in shoot and root weights 
were also found between the + N and -N control plants and between the + N control 
plants and those inoculated with Rhizobium strains. The biomass of each of the chickpea-
Rhizobium symbioses was significantly less than that of the + N control plants (Table 
10). 
When the group of the Hup+ strains of chickpea-Rhizobium species were 
contrasted to that of the Hup· strains, the Hup· strains produced a significantly higher 
nodule and root mass planr' than the Hup+ strains in one of the cultivars, ICCV4598, 
and there was no significant difference in the nodule and root mass of the other two 
cultivars between the two groups of strains. However, the Hup· strains produced an 
insignificantly higher nodule mass planr' in these cultivars as well, and a higher root 
mass only in BEG482. 
The group of the Hup· strains performed significantly better than that of the Hup + 
strains in terms of shoot dry weights of the plants of one cultivar, BEG482. There was 
no significant difference between them for the other two cultivars, in terms of plant shoot 
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dry weights , but Hup· strains produced an insignificantly higher shoot weight in the other 
two cultivars as well . When the wild type Hup• strains were contrasted to the wild type 
Hup· strains (except IC6) as groups without taking the cultivar effect into consideration, 
the Hup + strains produced significantly lower nodule, shoot and root masses than the 
Hup· strains (Tables 13 and 14). Thus, the Hup trait seems to harm the chickpea plants. 
As the nodules produced by chickpea-Rhizobiwn were large, all the enzyme 
activity assays were performed on the detached nodules and activities of both the 
nitrogenase and the uptake hydrogenase were expressed in JLM gm fresh weighr'h·' . The 
net H2 evolution from the group of nodules formed by the Hup• strains was significantly 
less than that from the Hup· strains (Tables 13 and 14). The Hup + strains as a group 
performed significantly better than the Hup· strains in terms of acetylene reduction 
activity in the cultivars ICCV4958 and CPS!, whereas the group of the Hup· strains 
showed higher acetylene reduction activity than the Hup• strains in the case of the 
cultivar BEG482. Each of the enzyme activities studied (H2 production, C2H2 reduction 
of the nitrogenase and uptake hydrogenase activity), as well as relative efficiency, was 
significantly affected by the Rhizobiwn strain, plant genotype and the Rhizobiwn X plant 
genotype interaction (Table 13). 
The relative efficiency of the Hup· strains varied from 0.38 to 0.69, indicating 
that they lost about 29-62% of the total electron flux in the form of H2 evolved from 
their nitrogenases. Relative efficiency of the Hup• strains ranged from 0. 77 to 1.00, 
tlterefore, losing a maximum of 23% of their energy in H2 evolution. Every Hup• strain 
h1d a significantly higher relative efficiency than all the Hup· strains. Some of the Hup• 
strains such as IC127 and IC2002 possessed a strongly active uptake hydrogenase while 
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Table 10. Nodule Fresh Weight and Shoot and Root Dry Weights of Symbiotic 
Combinations between Several Wild Type Hup+ and Hup· and 
Transconjugant Hup+ Strains of Rhizobium and Chickpea Cultivars 
Cultivar strain Hup Nodule FW 
(+/-) (mg plant"1) 
ICCV4958 IC6 
IC6(pHU52) 
IC127 
IC160 
IC161 
IC2002 
IC2016 
IC2080 
IC2094 
TAL480 
TAL620 
+ N control 
- N control 
Cultivar Mean 
+ 
+ 
+ 
+ 
+ 
BEG482 IC6 
IC6 (pHU52) + 
IC127 + 
IC160 
IC161 + 
IC2002 + 
IC2016 
IC2080 + 
IC2094 
TAL480 
TAL620 
+ N control 
- N control 
Cultivar Mean 
CPS1 IC6 
IC6(pHU52) + 
IC127 + 
IC160 
IC161 + 
IC2002 + 
IC2016 
IC2080 + 
IC2094 
TAL482 
TAL620 
+ N control 
- N control 
Cultivar Mean 
LSD 
Cultivar 
Cultivar X Strain 
Standard error of means 
ND 
ND 
36 
103 
141 
65 
137 
63 
110 
137 
94 
68 
129 
97 
153 
137 
304 
170 
208 
118 
193 
190 
155 
143 
156 
223 
188 
158 
80 
170 
144 
114 
136 
147 
203 
132 
14.7 
53.0 
18.9 
Shoot DW Root DW 
(mg plant·) 
52 
76 
278 
301 
259 
271 
261 
290 
262 
359 
262 
616 
56 
257 
116 
136 
241 
215 
128 
110 
208 
209 
195 
290 
252 
366 
42 
193 
184 
249 
237 
252 
103 
149 
238 
214 
147 
193 
218 
410 
43 
203 
17.7 
64.0 
22.8 
68 
93 
376 
456 
199 
297 
93 
216 
175 
278 
597 
655 
63 
274 
148 
183 
283 
214 
138 
74 
242 
111 
119 
266 
152 
414 
42 
183 
297 
352 
294 
278 
131 
159 
151 
149 
106 
138 
301 
459 
48 
220 
26.0 
94.6 
33.8 
Abbreviations: ND, Not determined as the strains IC6 and IC6(pHU52) did 
not form nodules with the cu1tivar ICCV4958, Hup, hydrogen uptake (+/-) 
status of Rhizobium strains, as determined on the basis of their response 
to hybridization with the hup structural genes of R. japonicum and to the 
methylene blue reduction assay described in Chapter III. 
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other Hup+ strains had low to moderate levels of Hup activity depending upon the 
cultivar nodulated (Table 11). The Hup+ strain IC2002 showed a higher amount of Hup 
activity than any other strain, in symbiosis with each of the three chickpea cultivars 
tested. A consistent pattern of cultivar effect on Hup activity was observed in that the 
chickpea cultivars ICCV4958, BEG482 and CPS! had an increasingly favorable effect 
on Hup activity in the order given (Figure 11). However, one of the Hup+ strains, 
IC2080, in symbiosis with the cultivar ICCV4958, showed a higher Hup activity than in 
symbiosis with BEG482. This indicates that cultivar and Rhizobiwn strain interact to 
affect the expression of the Hup activity. 
The hup genes in the cosmid pHU52 were successfully expressed in both cultivars 
of chickpea that formed nodules with the strain IC6. Symbioses involving the wild type 
Hup+ strains except the IC2080-BEG482 and IC161-ICCV4958 symbioses had 
significantly higher Hup activities than those involving the transconjugant Hup+ strain 
IC6(pHU52) . The Hup system of R. japonicwn failed to recycle all the H2 evolved from 
the nitrogenase of IC6 in symbiosis with either of the cultivars. However, net H2 
evolution was significantly reduced in both of the cultivars BEG482 and CPS 1 due to H2 
oxidation. This, in turn, significantly increased the relative efficiency of nitrogen fixation 
from 0.41 to 0.81 and from 0.55 to 0.93 in BEG482 and CPS!, respectively. But 
acetylene reduction activity was increased significantly only in CPS!, while there was 
no significant improvement in C2H2 reduction activity in BEG482. The microsymbiont 
IC6(pHU52) significantly increased the nodule fresh weight as well as the shoot dry 
weight in CPS! but not in BEG482. 
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Table II. Hydrogen Evolution, Acetylene Reduction and Uptake Hydrogenase 
Activities from the Nodules of Three Cultivars of Chickpea Plants in 
Symbiotic Association with Several Wild Type Hup·, Hup+ and 
Transconjugant Hup+ Rhizobium Strains 
Cultivar 
ICCV4958 
strain 
IC6 
IC6(pHU52) 
IC127 
IC160 
IC161 
IC2002 
IC2016 
IC2080 
IC2094 
TAL480 
TAL620 
Hup 
(+/-) 
+ 
+ 
+ 
+ 
+ 
Cultivar Mean 
8EG482 IC6 
IC6(pHU52) + 
IC127 + 
IC160 
IC161 + 
IC2002 + 
IC2016 
IC2080 + 
IC2094 
TAL480 
TAL620 
Cultivar Mean 
CPS1 IC6 
IC6(pHU52) + 
IC127 + 
IC160 
IC161 + 
IC2002 + 
IC2016 
IC2080 + 
IC2094 
TAL480 
TAL620 
Cultivar Mean 
LSD 
Cultivar 
Cultivar X Strain 
Standard error of means 
H:z evolution AR Hup 
activity (uM gm FW' h·') 
ND 
ND 
4.90 
1.26 
0.62 
0000 
7.80 
0.87 
5.70 
3.93 
1. 76 
2.44 
6 . 53 
2.67 
1.30 
10.95 
2.63 
0000 
9.50 
1.32 
18.38 
11.85 
...b11. 
6.71 
3.87 
0.94 
0000 
11.80 
0.94 
2.10 
13.55 
3.82 
7.34 
4.16 
6.56 
5.01 
0.58 
1.12 
0.68 
ND 
ND 
23.17 
2.03 
5.53 
19.30 
20.60 
10.87 
14.20 
12.80 
4.63 
10.29 
11.26 
14.06 
7.73 
29.70 
14.83 
22.43 
23.76 
6.37 
30.77 
21.90 
28.57 
19.22 
8.63 
13 . 30 
29 . 53 
24.80 
8.03 
37.30 
27.03 
29.47 
14.00 
10.20 
19.73 
20.19 
1. 55 
2.97 
1.83 
ND 
ND 
7.94 
0000 
2.76 
19.82 
0000 
5.75 
0000 
0000 
0000 
3.29 
0000 
2.95 
15.03 
0000 
5.20 
26.27 
0000 
2.35 
0000 
0000 
0000 
4.71 
0000 
3.28 
20.03 
0000 
9.16 
35.40 
0000 
9.62 
0000 
0000 
0000 
7.05 
0.78 
1.51 
0.93 
RE 
ND 
ND 
0.78 
0.38 
0.89 
1.00 
0.61 
0 . 92 
0.59 
0.62 
0.57 
0 . 58 
0.41 
0.81 
0.83 
0.63 
0 . 82 
1.00 
0.60 
0. 77 
0.40 
0.46 
0.69 
0.68 
0.55 
0.93 
1.00 
0.52 
0.88 
0.94 
0.49 
0.87 
0.47 
0.58 
0.67 
0.72 
0.047 
0.091 
0.054 
Abbreviations: NO, Not determined as the strains IC6 and IC6(pHU52) did 
not form nodules with the cultivar ICCV4958, RE, Relative efficiency, AR, 
acetylene reduction, Hup, hydrogen uptake (+/-) status of Rhizobium 
strains, as determined on the basis of their response to hybridization 
with the hup structural genes of R. japonicum and to the methylene blue 
reduction assay. 
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Table 12. 
Strain 
IC6 
IC6(pHU52) 
IC127 
IC160 
IC161 
IC2002 
IC2016 
IC2080 
IC2094 
TAL480 
TAL620 
LSD 
90 
Means of Nodule Fresh Weight, Shoot and Root Dry Weights, H2 
Evolution, Acetylene Reduction Activity, Relative Efficiency and the 
Hydrogen Uptake Activity of Several Chickpea-Rhizobium Strains in 
Symbiosis with Three Chickpea Cultivars 
Bup Nodule Shoot Root H2 evolution 
FW DW DW 
9s• 
+ 107'" 
+ 125""' 
133""' 
+ 175' 
+ 135""' 
163'' 
+ 9s· 
147'"" 
1ss•b 
151'"" 
30.6 
(mg plant·) 
117' 
1541' 
252"" 
256"" 
1631 
177'1 
236"' 
238"' 
201'" 
281' 
244"" 
37.0 
171'" 
209"' 
318. 
316' 
156'" 
176""' 
162'" 
159'" 
133' 
228' 
3so• 
54.6 
3. 47' 
1.20" 
2.07' 
8.01' 
1.39•' 
0. 701 
10.28' 
2.00' 
10.47' 
6 . 65' 
5.68"' 
1.94 
ARA' 
6.63° 
9.12' 
20.14' 
18.84. 
9. 47° 
26.34' 
23.80' 
15.57"' 
19.66. 
14.97"' 
17.64"" 
5.15 
RE 
0 . 32' 
o. sa• 
0.87' 
0.51' 
0.86. 
0.98' 
0.57"' 
o.ss• 
0 . 49' 
o.ss"' 
0. 65' 
Hup 
o.w 
2.08' 
14.34' 
o.w 
5.71' 
27.16' 
o.w 
5.91' 
o.w 
o.w 
o.w 
0.158 2.614 
The means followed by the same letters are not significantly different, in 
the same column. 
* The enzyme activities are expressed in uM qm. fresh wt. -• h-1 
Hup, hydrogen uptake (+/-) status of Rhizobium strains, as determined on 
the basis of their response to hybridization with hup structural genes of 
R. japonicum and to methylene blue reduction assay subsequent to 
derepression for uptake hydrogenase as described in Chapter III. 
Table 13. Analysis of Variance for Nodule Fresh Weight and Shoot and Root Dry Weights, H2 Evolution, Acetylene Reduction 
Activity , Hydrogen Uptake Activity and Relative Efficiency of Symbioses Involving 3 Chickpea Cultivars and II 
Rhizobium strains 
Mean squares 
Source of O.F 
variation Nodule FW Shoot OW Root OW H2 evolution ARA Hup RE 
Cultivar (C) 2 126516- 93037- 162582- 152.6- 983.12- 118 . 22- 0 . 167-
Strain (S) 10 57085- 17533 2- 255934- 121.5- 346.21- 664.39- 0 . 376-
Contrast A 1 11308" 52230- 50675- 891.6- 24.27"' 3256.37- 2.296-
c X Strain 20 15267- 22137- 59940- 29.0- 199.79- 25. n- 0.103-
Co ntrast B 1 21530- 2777"' 30559" 41.5- 99.51- 548. 2 2- 0.781-
Contrast C 1 3. 361"' 37410- 17210"' 723 . 6- 1033 . 92- 878.04- o.8o8-
Co ntrast 0 1 96.57"' 3727"' 430"' 327.1- 307.12- 1965.52- 1.146-
Erro r A 165 2157 3144 6854 
Error B 66 - - - 1.4 10.05 2 . 59 0.009 
NS: Not significant *: Signific ant at P = 0.05 ** : Significant at P = 0.01 
Contrast A: The symbioses involving three chickpea cultivars and all wild type Hup+ strains were contrasted to 
those involving the Hup· stra i ns except the symbiosis IC6-ICCV4958. 
Contrast B: The symbioses of chickpea cultivar ICCV4958 with wild type Hupi strains were contrasted to those 
with the Hup· strains except IC6. 
Contrast C: The symbioses of chickpea cultivar BEG482 with all the Hup + strains were contrasted to those with 
all the Hup· strains. 
Contrast 0: The symbioses of chickpea cultivar CPSl with all the Hup+ strains were contrasted to those with all 
the Hup· strains . 
Error A and B: Six replications were used for the nodule FW, shoot OW and r o ot OW analysis and 3 replications 
for the enzyme activities and RE, as described in the results and discussion . 
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Table 14. 
·Cultivar 
ICCV4958 
BEG482 
CPS l 
Cultivars 
Mean 
92 
Means of Symbiotic Parameters as Compared between the Groups of 
Symbioses Involving the Hup+ and Those Involving the Hup· Strains of 
Chickpea Rhizobium 
strains 
Symbiotic parameter Hup + Hup· 
Nodule Fw- 76 116 
Shoot ow"' 274 288 
Root OW" 272 319 
H1 evolution - 1. 59 4.09 
Acetylene reduction 
activity- 14.71 10.85 
Hup activity- 9.06 0.00 
Relative efficiency - 0.89 0.56 
Nodule FWNs 169 168 
Shoot ow- 164 212 
Root owNs 158 190 
H2 evolution - 1.58 10.98 
Acetylene reduction 
activity- 13.08 24.32 
Hup activity- 10 .35 0.00 
Relative efficiency - 0.85 0.53 
Nodule FWNS 155 157 
Shoot owNS 190 205 
Root owNs 217 212 
H2 evolution - 1. 55 7.88 
Acetylene reduction 
activity- 23.52 17.39 
Hup activity- 15.49 0.00 
Relative efficiency - 0.92 0.54 
Nodule Fw" 133 150 
Shoot ow- 207 243 
Root ow- 202 237 
H2 evolution - 1.54 8.26 
Acetylene reduction 
activityNs 17.88 18.98 
Hup activity- 11.63 0.00 
Relative efficiency - 0 . 89 0.55 
The symbiotic parameters showing significant difference (** = P< 0.01 or 
* = P< 0.05) or no significant difference (NS} between the group of 
symbioses involoving the Hup + and that involving the Hup· strains of 
chickpea Rhizobium. 
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Cajanus cajan (L. [Millsp.])- Rhizobium symbioses 
The results of experiments involving pigeonpea-Rhizobium symbioses are given 
in Tables 15-19 and Figures 12-14. All the strains of pigeonpea rhizobia successfully 
nodulated each of the cultivars tested, although significant differences in nodule fresh 
weight were observed due to strain, cultivar and cultivar X strain interaction. Shoot and 
root dry weights were each affected significantly by the Rhizobium strain, the plant 
genotype and the Rhizobium X plant genotype interaction (Tables 17 -18). Significant 
differences in shoot and root weights were also found between the + N and -N control 
plants and between the + N control plants and those inoculated with Rhizobium strains. 
The biomass of each of the pigeonpea-Rhizobium symbioses was significantly less than 
that of the + N control plants (Table 15). 
The group of plants inoculated with the Hup+ strains produced a significantly 
larger weight of nodules planr' and shoot dry weight in pigeonpea cultivar ICPL152 than 
those that were inoculated with the Hup· strains (Tables 18-19). They produced a slight 
insignificant improvement in the nodule and shoot weight in the other two cultivars as 
well . However, root weight was significantly larger in the two cultivars, ICPL87 and 
ICPL152, but only slightly improved in the cultivar ICPLl (Table 19) . When the Hup+ 
strains were contrasted to the Hup· strains as groups without taking the cultivar effect 
into consideration, the Hup+ strains produced significantly higher nodule, shoot and root 
veights than the Hup· strains (Tables 18 and 19). Thus, the Hup trait seems to benefit 
the pigeonpea plants. 
Hydrogen evolution was not significantly affected by the cultivars but the 
lhizobium strain and the cultivar X strain interaction each had a significant effect on the 
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H2 evolution activity of the nitrogenase. Acetytlene reduction activity was also affected 
in the same way, whereas relative efficiency of the nitrogenase was significantly affected 
on! y by the Rhizobiwn strains (Table 18). 
The nodules formed by inoculating the plants with the Hup• strains lost a 
significantly lower amount of H2 than those formed by the Hup· strains. This was true 
in each of the cultivars. Acetylene reduction activity also exhibited the same pattern 
except in the cultivar ICPL152 in which it was only slightly increased. However, with 
each of the cultivars tested, the group of Hup• strains had a significantly higher relative 
efficiency than the Hup· strains. Relative efficiency varied from 0.30 to 0.59 in the Hup· 
strains, indicating that their nitrogenases lost 41 to 70% of their electron flux in the 
form of H2• Relative efficiency of the Hup+ strains ranged from 0. 77 to 1.00, indicating 
that they lost a maximum of 23% of the total electron flux supplied to their nitrogenases. 
Some of the Hup• strains such as IC3310 and IC3523 showed no net H2 production in 
two of the cultivars. The uptake hydrogenase of IC3310 was highly active in oxidizing 
the extraneously added H2 and exhibited a higher Hup activity than that of IC3523 or any 
other Hup + strain in all the cultivars tested. 
The cultivar ICPL152 was found to have the most promoting effect and ICPLl 
behaved inversely with most of the Hup• strains except IC3310 with which ICPLl 
exhibited the highest Hup activity (Figure 14). Every Hup• strain had a higher relative 
efficiency than all of the Hup· strains. The group of the Hup+ strains produced a higher 
plant yield than that of the Hup· strains. However, some Hup· strains performed better 
than some Hup• strains, indicating that symbiotic factors other than the Hup trait may 
also be agronomically important. When a number of the Rhizobiwn strains qualitatively 
95 
Table 15. Nodule Fresh Weight and Shoot and Root Dry Weights of Symbiotic 
Combinations between Several Wild Type Hup·, Hup+ and Transconjugant 
Hup+ Strains of Rhizobium and Pigeonpea Cultivars 
Cultivar Strain Hup Nodule FW Shoot DW Root DW 
(+/-) (mg plant-1) (mg plant· ) 
ICPL87 IC3002 212 258 140 
IC3002(pHU52) + 287 341 181 
IC3100 + 245 425 218 
IC3195 154 332 216 
IC3259 + 220 339 120 
IC3273 258 368 97 
IC3310 + 231 326 192 
IC3342 270 413 125 
IC3417 127 188 92 
IC3523 + 216 326 115 
TAL1127 + 184 362 143 
TAL1132 + 150 296 102 
+ N control 1064 442 
- N control 85 48 
Cultivar Mean 182 366 159 
ICPL152 IC3002 291 284 128 
IC3002(pHU52) + 370 392 199 
IC3100 + 380 423 219 
IC3195 206 339 125 
IC3259 + 321 312 149 
IC3273 279 392 124 
IC3310 + 284 383 142 
IC3342 349 265 85 
IC3417 282 307 163 
IC3523 + 379 377 123 
TAL1127 + 334 328 144 
TAL1132 + 254 391 150 
+ N control 925 419 
- N control 68 36 
Cultivar Mean 266 363 157 
ICPL1 IC3002 159 224 154 
IC3002(pHU52) + 186 250 160 
IC3100 + 238 327 145 
IC3195 158 243 121 
IC3259 + 221 268 116 
IC3273 199 337 128 
IC3310 + 214 283 112 
IC3342 226 227 142 
IC3417 201 177 99 
IC3523 + 152 211 122 
TAL1127 + 232 299 112 
TAL1132 + 190 197 162 
+ N control 684 369 
- N control 45 30 
Cultivar Mean 170 270 141 
LSD 
Cultivar 17.41 21.85 11.73 
Cultivar X Strain 65.15 81.77 43.90 
Standard error of means 23.27 29.20 15.67 
Figure 12. 
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or quantitatively differing in their Hup character were used to inoculate the cultivars, the 
Hup trait seems to benefit the symbiosis. Although the cultivar effect on the Hup activity 
of all Hup+ strains was statistically significant, the uptake hydrogenase of IC3310 was 
least affected and was functionally active in all three cultivars. This strain, however, did 
not produce a higher plant yield in any of the cultivars when compared to many other 
strains used to nodulate the same cultivar (Table 15). This may suggest that the 
microsymbiont, IC3310, is a symbiotically less effective strain than the other strains that 
produce a higher plant yield with a given cultivar. The evidence that the Hup trait 
improves relative efficiency and that the Hup + strains general! y perform better than the 
Hup· strains suggests that hup genes for a highly active hydrogenase, such as those in 
IC3310, may be used to improve a strain which is an otherwise superior and effective 
symbiotic partner for a given cultivar but lacks the Hup trait. 
When a cosmid containing the hup genes of R. japonicum was transferred to Hup· 
pigeonpea-Rhizobium strain IC3002 and the transconjugant strain was used to nodulate 
the three pigeonpea cultivars, the uptake hydrogenase was differentially expressed in 
different cultivars and none of the cultivars completely suppressed the Hup activity. RE 
was significantly increased in each cultivar due to a reduction in net H2 evolution but this 
increase was associated with significant improvements in C2H2 reduction activity in 
ICPL87. There were slight improvements in acetylene reduction activities in the other 
two cultivars as well (Table 16). Nodule fresh weight per plant increased significantly 
in cultivars ICPL87 and ICPL152 but that of cultivar ICPLl remained unaffected. The 
plant yield (shoot dry weight) also increased only in these two cultivars. However, the 
root dry weight was significantly increased only in the case of ICPL87. 
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Table 16. Hydrogen Evolution, Acetylene Reduction and Uptake Hydrogenase 
Activities from Nodules of Three Pigeonpea Cultivars Inoculated with 
Several wild Type Hup·, Hup• and Transconjugant Hup• Rhizobium 
Strains 
Cultivar Strain Bup B2 evolution AR Hup 
(+/-) 
ICPL87 IC3002 
IC3002(pHU52) + 
IC3100 + 
IC3195 
IC3259 + 
IC3273 
IC3310 + 
IC3342 
IC3417 
IC3523 + 
TAL1127 + 
TAL1132 + 
Cultivar Mean 
ICPL152 IC3002 
IC3002(pHU52) 
IC3100 
IC3195 
IC3259 
IC3273 
IC3310 
IC3342 
IC3417 
IC3523 
TAL1127 
TAL1132 
Cultivar Mean 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
ICPL1 IC3002 
IC3002(pHUS2) + 
IC3100 + 
IC3195 
IC3259 + 
IC3273 
IC3310 + 
IC3342 
IC3417 
IC3523 + 
TAL1127 + 
TAL1132 + 
Cultivar Mean 
LSO 
Cultivar 
Strain X Cultivar 
Standard error of means 
act1.v1.ty (uM gm FW1 h"1) 
1.86 
0.62 
1.36 
0.92 
0.98 
4.56 
0000 
2.43 
2.65 
0000 
0.82 
0 . 14 
1.36 
1. 95 
0000 
0.55 
1.37 
0.84 
6.65 
0000 
1.64 
3.25 
0000 
0.57 
0.68 
1.46 
3.67 
0.59 
0.99 
2 . 65 
0.86 
2.95 
0.41 
0.87 
3.18 
0000 
0.29 
0.43 
1.41 
0.292 
1.013 
0.355 
3.86 
8 . 36 
6.12 
1.99 
10.14 
7.81 
4.67 
4.04 
3.96 
11.90 
7 . 15 
3 . 22 
6.10 
3.82 
5 . 45 
5.36 
3.51 
8.16 
12.07 
8.79 
2.52 
7.92 
8.58 
3.59 
8.32 
6.51 
5.41 
5.80 
6 . 64 
5.38 
8.43 
6.56 
11.33 
1. 52 
5.65 
12.83 
1. 32 
9 . 12 
6.67 
0.907 
3.143 
1.116 
0000 
1.23 
2.52 
0000 
3.60 
0000 
8.42 
0000 
0000 
5.26 
0.97 
1.26 
1.94 
0000 
3.80 
3.69 
0000 
4.44 
0000 
9.17 
0000 
0000 
5.74 
1.34 
2.27 
2.54 
0000 
2.79 
0.60 
0000 
1.66 
0000 
8.64 
0000 
0000 
2.85 
0.38 
0.65 
1.46 
0.340 
1.178 
0.418 
RE 
0.51 
0.93 
0.77 
0.53 
0.90 
0.38 
1.00 
0 . 40 
0.30 
1.00 
0.88 
0.95 
0.71 
0.49 
1.00 
0 . 88 
0.59 
0.88 
0.46 
1.00 
0.40 
0.58 
1.00 
0.83 
0.92 
0 . 75 
0.32 
0.90 
0.86 
0.49 
0.90 
0.49 
0.96 
0.44 
0.44 
1.00 
0.79 
0.95 
0.71 
0.039 
0.137 
0.048 
Abbreviations: RE, relative efficiency, AR, acetylene reduction, Hup, 
hydrogen uptake (+/-) status of Rhizobium strains, as determined on the 
basis of their response to hybridization with the hup structural genes of 
R . japonicum and to the methylene blue reduction assay subsequent to 
derepression for uptake hydrogenase as described in Chapter III. 
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Table 17. 
Strain 
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Means of Nodule Fresh Weight, Shoot and Root Dry Weights , H2 
Evolution, Acetylene Reduction Activity, Relative Efficiency and the 
Hydrogen Uptake Activity of Several Pigeonpea-Rhizobium Strains in 
Symbiosis with Three Pigeonpea Cultivars 
Bup Nodule Shoot Root H, ARA" RE Hup 
FW DW DW 
evolution 
(mg plant· ) 
IC3002 22000 2551' 
32800 
392' 
271'1 
307"" 
366"" 
33100 
302""1 
224' 
305"" 
33000 
295""1 
141""' 2. 49' 4 . 36'1 
6.54"' 
6.04"" 
3.631 
8. 91' 
8 . 81' 
8.26"" 
2. 69 1 
5.84"" 
0.44' 
0.94'' 
0 . 84' 
0. 54' 
0.89"" 
0.44' 
0.98' 
0.41' 
0 . 44' 
1.00' 
0.83' 
o.oo' 
2.60"' 
2 .27' 
o. oo' 
3. 23' 
o.oo' 
8 . 74' 
o.oo' 
o. oo' 
4.62' 
0 . 89' 
1. 39' 
I C3002(pHU52)+ 281~ 
I C3100 
IC3195 
IC3259 
I C32 7 3 
I C3310 
I C3342 
I C3417 
IC3523 
TAL1127 
TAL1132 
LSD 
+ 
+ 
+ 
+ 
+ 
+ 
288' 
173' 
254'"" 
246"" 
243' 
282'' 
203"" 
249"" 
250'"" 
198"" 
37.6 47.2 
179' 0.40"" 
194' 
154' 
128"" 
116' 
14800 
117' 
118' 
0.97' 
1.64' 
0 . 89' 
4. 72' 
0.14' 
1. 65' 
3.03' 
120' 0. 00' 
133""' 0. 56'" 
138""' 0 . 42"" 
25.3 0.584 
11.10' 
4.02 1 
6.88"' 
1.814 0.079 0 . 68 
The means followed by the same letters are not significantly different, in 
the same column. 
* The enzyme activities are expressed in uM gm. fresh wt. - I h-1• 
Hup, hydrogen uptake (+/-) status of Rhizobium strains, as determined on 
the basis of their response to hybridization with hup structural genes of 
R . japonicum and to methylene blue reduction assay subsequent to 
derepression for uptake hydrogenase as described in Chapter III. 
Table 18. Analysis of Variance for Nodule Fresh Weight and Shoot and Root Dry Weights, H2 Evolution , Acetylene Reduction 
Activity, Hydrogen Uptake Activity and Relative Efficiency of Symbioses Involving 3 Pigeonpea Cultivars and 12 
Rhizobium Strains 
Mean squares 
Source of 
variation D.F Nodule FW Shoot DW Root DW H2 evolution ARA Hup RE 
Cultivar (C) 2 231615- 253539- 8597- o.o8"' 3 .07"' 10.424- 0.018" 
Strain (S) 11 156915- 571645- 121898- 17.72- 57.01- 62.049- 0.538-
Contrast A 1 38405- 97205- 20118- 129.83- 142.15- 302.206- 5.590-
C X s 22 9306- 20429- 5163- 1.76- 15 . 22- 1. 672- 0.010"' 
Contrast B 1 3828"' 19572"' 6266. 32.41- 80.63- 96.66C 2.109-
Contrast c 1 44617- 98512- 22531- 58.91- 7. 44NS 165.500- 1. 581-
Contrast D 1 4396"' 7434"' 27QNS 40.52- 79.94- 55.043- 1. 918-
Error A 180 3249 5117 1475 
Error B 72 - - - 0.38 3.74 0. 526 0.007 
NS: Not significant . : Significant at P = 0.05 **: Significant at P = 0.01 
Contrast A: The symbioses involving three pigeonpea cultivars and all Hup+ strains were contrasted to those 
involving the Hup· strains. 
Contrast B: The symbioses of pigeonpea cultivar ICPL187 with the Hup+ strains were contrasted to those with the 
Hu~ strains. 
Contrast C: The symbioses of chickpea cultivar ICPL152 with all the Hup + strains were contrasted to those with 
all the Hup· strains. 
Contrast 0: The symbioses of chickpea cultivar ICPLl with all the Hup + strains were contrasted to those with 
all the Hup· strains. 
Error A and B: Six replications were used for the nodule FW, shoot OW, and root OW analysis and 3 replications 
for the enzyme activities and RE as described in the results and discussion. 
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Table 19. 
Cultivar 
ICPL87 
ICPL152 
ICPL1 
Cultivars 
Mean 
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Means of Symbiotic Parameters as Compared between the Groups of 
Symbioses Involving the Hup+ and Those Involving the Hup· Strains of 
Pigeonpea-Rhizobium 
strains 
Symbiotic parameter Hup+ Hup· 
Nodule FWNs 219 204 
Shoot ow"' 345 312 
Root ow" 153 134 
H2 evolution - 0.56 2.48 
Acetylene reduction 
activity 7.36 4.33 
Hup activity- 3.32 0.00 
Relative efficiency - 0 . 92 0.43 
Nodule Fw"" 332 281 
Shoot Ow"" 372 297 
Root ow- 161 125 
H2 evolution - 0.37 2.97 
Acetylene reduction 
activityNs 6.89 5.96 
Hup activity- 4.35 0.00 
Relative efficiency - 0.93 0.50 
Nodule FWNS 205 189 
Shoot owNs 262 242 
Root owNs 133 129 
H2 evolution - 0.51 2 . 66 
Acetylene reduction 
activity- 7.93 4.90 
Hup activity - 2 . 51 0.00 
Relative efficiency - 0.91 0.44 
Nodule FW"' 252 225 
Shoot Ow"" 327 284 
Root ow- 149 129 
H2 evolution - 0.48 2. 71 
Acetylene reduction 
activity- 7.39 5.06 
Hup activity- 3.39 0.00 
Relative efficiency - 0.92 0.46 
The symbiotic parameters showing significant difference (** = P < 0.01 or 
* = P < 0.05) or no significant difference (NS) between the group of 
symbioses involoving the Hup + and that involving the Hup· strains of 
chickpea Rhizobium. 
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CONCLUSIONS AND RECOMMENDATIONS 
The previously reported low amounts of the uptake hydrogenase activity and the 
low frequency of the occurrence of the Hup phenotype in R. meliloti (Ruiz-Argueso et 
al . 1979) may be explained by the fact that only one alfalfa cultivar was used in that 
trial. This cultivar may have either suppressed or failed to derepress the Hup system in 
the strains tested. The marked effect of plant cultivar on the expression of the Hup 
system necessitates that the screening of rhirobial strains for the Hup trait be performed 
either by DNA hybridization or ex-planta expression, as described in Chapter III. 
Although results for different plant species can not be compared, my results differ from 
findings that indicate an apparent lack of a plant cultivar effect on the H2 uptake by R. 
japonicum in symbiosis with soybean (Carter et al. 1978) and cowpea (Keyser et al. 
1982) but are consistent with those of Bedmar et al. (1983) who have reported complete 
reversals in uptake hydrogenase activities by different pea cultivars when inoculated with 
R. leguminosarum strains. The mechanisms of host cultivar effect on the Hup system 
cannot be determined from these studies. Many factors may explain this phenomenon, 
such as differential photosynthate supply or the presence of cultivar-specific-metabolites 
that may affect uptake hydrogenase activity. Bedmar and Philips (1984) have suggested 
from grafting experiments that a factor transmissable from both the plant shoot and root 
controlled the expression of the uptake hydrogenase. 
The expression of R.japonicum hup genes in chickpea- and pigeonpea-Rhizobium 
may be explained by their common classification as slow growing Rhiwbium species as 
opposed toR. meliloti which is classified as a fast growing Rhizobium. Rhizobium species 
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may share common biochemical factors that may be necessary alone or in combination 
with plant factors to derepress or activate the Hup system. Chickpea and pigeonpea 
species may also be phylogenically more closely related to each other than to alfalfa. 
However, additional transconjugants of each Rhizobium species, and especially of R. 
meliloti , are needed to confrrm the success or failure of expression of R. japonicum hup 
genes in these Rhizobium species and to verify the benefits associated with transfer of the 
hup genes. 
Some of the wild type Hup• strains of chickpea- and pigeonpea-Rhizobium had 
a higher Hup activity than the transconjugant Hup• strain of each species. It cannot be 
concluded from this difference that the Hup system of R. japonicum was not sufficiently 
expressed in these strains or that it did not show activity equivalent to the Hup system 
of chickpea- or pigeonpea-Rhizobium, because the strains IC6 and IC3002 may not be 
suitable hosts for the Hup system. The low activity expressed by the microsymbionts, 
IC6(pHU52) and IC3002(pHU52), may also be attributed to the instability of the cosmid 
pHU52 in the bacteroids in the absence of selective pressure (tetracycline) during the 
nodulation and growth of the plants. The plasmid pRK2 from which pHU52 is ultimately 
derived, has been found to show varying degrees of instability depending upon the 
bacterial clones (Ditta et al. 1980). Considering the instability of the plasmid borne hup 
genes in the absence of selective pressure, it may be suggested that in further studies the 
hup cluster be stably integrated into the genome of the recipient Rhizobium by site 
directed insertion. In the case of R. meliloti, however, indigenous hup genes need to be 
identified and cloned in order to maximize the value of future transconjugants as the Hup 
system of R. japonicum showed very low H2 oxidation activity in this species. This can 
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be achieved by constructing a gene bank of one of the strains such as USDA1024 and 
selecting a clone by hybridization with hup DNA of R. japonicum, since this strain has 
a highly active uptake hydrogenase which can recycle all the H2 evolved from the 
nitrogenases of several strains tested. 
The H2 uptake activity may serve as an 0 2 scavenger (Nelson and Salminen 
1982) , thereby protecting the nitrogenase from excessive 0 2• Hydrogen oxidation permits 
N2-fixation at p02 levels that are inhibitory in its absence. Alternatively, since Emerich 
et al . ( 1979) indicated that the hydrogenase provided energy for the nitrogenase in 
bacteroids isolated from soybean nodules, H2 recycling capability may be important in 
the enhancement of N2-fixation. Hup+ strains had a higher acetylene reduction activity 
than the Hup· strains in each of alfalfa, chickpea and pigeonpea plants except in one of 
the chickpea cultivar, BEG482. The Hup+ strains also performed better than the Hup· 
strains in terms of plant yield in the case of alfalfa and pigeonpea plants. However, the 
Hup· strains produced higher plant yields than the Hup+ strains in chickpea plants. It may 
be noted that the Hup· strains of R. meliloti and those of pigeonpea-Rhizobium had mean 
relative efficiencies of 0.46 and and 0.45, respectively. Whereas the mean relative 
efficiency of the Hup· strains of chickpea-Rhizobium was 0.55. Thus the Hup· strains of 
chickpea-Rhizobium had about 22% higher mean relative efficiency than those of the 
Hup· strains of R. meliloti and pigeonpea-Rhizobium. The higher RE of the Hup· strains 
of chickpea-Rhizobium suggests that they saved more energy than the Hup· strains of R. 
meliloti and pigeonpea-Rhizobium by evolving less H2 than the latter strains. This may 
explain their positive effect on plant yield. 
Mean relative efficiency values of all Hup+ strains were significantly greater than 
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those of all Hup- strains. However, H2 oxidation by Hup+ strains (thus having higher RE) 
may mask the proportion of electrons actually allocated to N2 reduction (thus leading to 
low true efficiency). As H2 oxidation can only recover part of the energy lost in H2 
evolution by nitrogenase (Dixon and Wheeler 1986), more energy may be saved by the 
Hup- strains that have a higher true efficiency than by some of the Hup+ strains that have 
a high relative efficiency but a low true efficiency. As it is not possible with currently 
available procedures to determine the true efficiency of highly active Hup + strains, they 
can not be compared for their true efficiency unless Hup- mutants of these wild type 
Hup + strains are created. H2 production has been reported to be an integral component 
of nitrogenase activity and cannnot be separated from N2 reduction. This suggests that 
no Rhizobium strain has a true efficiency of 1.00. The molecular mechanisms of either 
proton or N2 reduction are not yet clearly understood. It has not been possible to identify, 
characterize or design nitrogenases that would reduce N2 without simultaneously 
producing H2• The definitive approach for correlating the relative efficiency of 
nitrogenase to the plant yield would be to compare strains that are isogenic except for 
RE. 
The observations in this study have agricultural significance. R. meliloti has long 
been considered to lack the Hup+ phenotype and chickpea- and pigeonpea-Rhizobium 
have not been studied for this trait. Legume crop productivity is affected both by the 
plant genotype and traits of the inoculant strain, but the Hup trait also seems to be an 
advantageous feature as indicated by comparisons between the Hup+ and the Hup- strains 
in the case of alfalfa and pigeonpea plants and by the transfer of the cosmid containing 
the hup genes into chickpea- and pigeonpea-Rhizobium strains. With the availability of 
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a wide range of commercial cultivars and a large number of distinct Rhizobium strains, 
matching the host and microsymbiont for the purpose of achieving maximum biological 
Nz-fixation is a challenge. Keeping the above considerations in view, a more successful 
strategy for genetic strain improvement would involve conventionally selecting a 
Rhizobium strain that performs best with a specific cultivar on an overall basis, in a given 
ecological zone and, then, incorporating into its genotype both a nitrogenase evolving 
minimum Hz (and consequently having the highest relative efficiency) and a highly active 
uptake hydrogenase, without altering its other symbiotic characteristics such as 
competitive ability, effectiveness and adaptability. A highly active uptake hydrogenase 
is expected to be more beneficial than one having only enough activity to oxidize Hz 
endogenously evolved by the nitrogenase, as it would also oxidize the Hz derived from 
the natural microflora present in the rhizosphere. Thus, a highly active Hup system may 
provide more energy to the plant and the microsymbiont symbiontant Rhizobium under 
field conditions. 
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